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That: I understand the invention of Tsuboi to be an unleaded high octane gasoline 

fuel composition comprising (A) at least one reformate fraction produced by a 
continuous regeneration type reformer and/or (B) at least one reformate 
fraction produced by a fixed-bed type reformer, said unleaded, high octane 
gasoline composition satisfying the following conditions (1)^ (2) and (3), 
(1) 

Z = (1/100 [S(ax) + (1/9) S(by)] < 0.010 
wherein, 2(ax) is a summation of (ax)> wherein (a) is content (vol%) by volume 
of a fraction falling into the reformate fraction A, (x) is content (vol%) by 
volume of aromatic hydrocarbons having a carbon number of 11 or more in the 
fraction (a), and 2;(by) is a sununation of (by), wherein (b) is content (vol%) by 
volume of a fraction falling into the reformate fraction (B), (y) is content 
(vol%) by volume of aromatic hydrocarbons having a carbon number' of 1 1 or 
more in the fraction (b), 

(2) content of aromatic hydrocarbons having a carbon number of 7 to 8 
being 30 vol% or more, and 

(3) research octane nimiber being 96.0 or more; 

That: I understand from the Tsuboi text that the combustion of such a fuel in a 

gasoline spark ignition engine results in a reduction of combustion chamber 
deposits and intake valve deposits; 

That: comparative Examples 1 and 2 of Tsuboi employ a mixture of 17% and 25%, 
respectively, of Reforaiate A, containing 0.35 vol% of Cll"^ aromatic 
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hydrocarbons, 50% and 45%, respectively, of FCC naphtha which is a light 
naphtha, 17% and 15%, respectively, of Reformate B containing zero Cll"^ 
aromatic hydrocarbons, 12% and 11%, respectively, of alkylate and 4% each of 
butane, and that these comparative fuels were characterized by Tsuboi as 
exhibiting 198 and 170 mg/valve IVD and L14 and 148 g/cylinder CCD, 
respectively; 

That: from Tsuboi this data was taken as showing that such fuels, when compared 
against the fuel of Tsuboi's invention, were inferior in the reduction of CCD 
and IVD; 

That: the fuels exemplified in the present application in Table 3 (Fuels Aro-1, Aro-2 
and Axo-3) all used 98 RON Reformate which was a fixed bed reformate and 
contained 3,32% Cll"*" aromatics (as a part of the whole reformate); 

That: using Tsuboi^s formula, the Aro-l, Aro-2 and Aro-3 fuels possessed the 
following z factors: 

Aro^l/Aro-3 z = 1/100 [2(ax) + 1/9 r(by)] 
z= 1/100 [0 + 1/9(15x332)] 
2 = 0.0553 

Aro.2 z = 1/100 [S(ax) + 1/9 Z(by)3 

z= 1/100 [OH- 1/9 (55x332)] 
z = 0.202 

That: based on this it is apparent tliat the information contained in the present 
application is based on examples corresponding, at best, to Tsuboi's 
comparative examples which were presented by Tsuboi as demonstrating fuels 
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which were not as effective at reducing IVD and CCD as was the fuel 
corresponding to Tsuboi's invention; 

That: in so far as the examples of the present application correspond more closely to 
the comparative examples of Tsuboi rather than the invention example of 
Tsuboi, it is not at all apparent that GDI deposits could be controlled or 
reduced by combusting a fuel containing aromatics attributable to reformates in 
general, light FCC fractions, or mixtures of reformates in general with light 
FCC fractions; 

That: in GDI engines, IVD is phenomenon associated with the oil and not with the 
fuel whereas in port fuel injection engines^ IVD is associated with the fuel, see 
SAE Paper 1999-01-1498 "A Comparison of Gasoline Direct Injection Part 1 - 
Fuel System Deposits and Vehicle Performance," Arters, Bardasz, Schiferl and 
Fisher at page 996 "Intake Valve Deposits/' 

That: in SAE paper 1999-01-3656 "A Method for Suppressing Formation of Deposits 
on Fuel Injector for Direct Injection Gasoline Engine" Kinoshita> Saito^ 
Matsushita, Shibata, Niwa, it is speculated that, based on functional group 
analyses, injection deposits were mainly constituted of functional groups with 
abundant oxygen which composition was similar to that of the deposits in the 
combustion chambers of gasoline engines (pg. 2178); 

That: in that SAE paper [ 1 999-0 1 -3656] at page. 2 1 79 it is stated that in light of 

correlation coefficients, the fuel flow rate change through the injectors due to 
deposit accumulation was- related to the distillation characteristic of the fuel 
while the correlation coefficient for the aromatic content was very low; 
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That: according to that paper it was observed that the flow rate change in direct 

injectors was restrained when the nozzle temperature was lower than the 90 
vol% distillation temperature of the fuel, (the T90 of the fuel); 

That: in SAE 971722 "Study on Combustion Chamber Deposit Formation 

Mechanism - Influence of Fuel Components and Gasoline Detergents" Uehara 
et al., it is stated that the formation of CCD is known to increase with increased 
aromatics or heavy fraction components in gasoline, that aromatic compounds 
in fuels have a strong tendency to promote formation of CCD and that the tri- 
and tetra-substituted benzenes tend to produce more CCD than do the di- 
substimted benzenes which themselves produce more CCD than do toluene or 
benzene per se; 

That: based on this it is not apparent that with respect to fuels which have similar 

T90 distillation temperatures (see Axo-1, Aro-2 and Aro-3 fuels in Table 3 of 
the present application) that fuels (Aro-2 and -3) which have the highest 
concentration of aromatics per se as well as the greatest amount of aromatics 
attributable to rcformate in general and light FCC would have the effect of 
causing lower GDI injector tip deposit formation as compared against fuels of 
lower aromatic content and different source (Aro-1); and this is especially true 
in view of the fact that Aro-1 and Aro-2 and Aro-3 all apparently correspond to 
the "comparative" fuels of Tsuboi which were shown by Tsuboi to be inferior 
in reducing CCD and IVD as compared against the inventive fuel of Tsuboi's; 

That: all statements made herein of my own knowledge are true and that all 

statements made on information and belief are believed to be true; and further. 
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that These statements are made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisoimient, or both, under 
Section 1001, Title 18 of the United States code, and that such willful false 
statements may jeopardize the validity of the application or any patent issuing 
thereon. >n 
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ABSTRACT 

Four 1998 Mitsubishi Carlsmas, two equipped with direct 
Injection and two with port fuel injection engines, were 
tested in 20,100 km intervals to determine the effect of 
mileage accumulation cycle, engine type, fuel and lubri- 
cant on vehicle deposits and emissions, acceleration and 
driveabiHty performance. The program showed that 
engine fuel system deposits, including specifically those 
on intake valves, combustion chambers and injectors are 
formed in higher amounts in the GDI engine than the PFI 
engine. The fuel additive used reduced injector deposits 
and combustion chamber deposits in the GDI. but had no 
significant effect on intake valve deposits, which are 
affected by crankcase oil formulation. In GDI vehicles, 
deposited engines were found to have increased hydro- 
carbon and carbon monoxide emis^ons and poorer fuel 
economy and acceleration, but lower particulate emis- 
sions. Effects in PFI engines were directionaily the same 
for NOx and particulates but the opposite for HC and CO 
emissions and fuel economy. In terms of specific deposit 
effects In the GDI engine, CCD is correlated with poorer 
acceleration, HC and CO emissions, while injector 
deposits correlate with NOX formation. 

INTRODUCTION 

Direct injection gasoline engine technology has recently 
burst upon the automotive scene in concrete form with 
the commercial introduction by two different manufactur- 
ers, fy/litsubishi Currently offers vehicles equipped with 
their GDI%o technology (1) in Japan and Europe, and Toy- 
ota offers their D4 direct injection technology (2) in 
Japan. Numerous other automakers have presented their 
own developments in the area of direct injection engines 
(e.g. 3, 4, 5). 

Direct injection gasoline has long been of interest due to 
the potential for higher specific power and lower fuel con- 
sumption compared to conventional fuel delivery sys- 
tems- The ability to produce a commercially viable 



system meeting today's vehicle requirements Is largely 
the result of advances in low cost electronicaiiy controllec 
fuel injection systems and developments In catalyst emis 
sion reduction systems. Still, the technology is In its 
infancy in the broad sense of consumer use and th^ 
specter of potential performance issues in the field war 
rant study on the road. In fact, concerns over reportec 
field problems in Europe has led to the formation of CEC 
Technical Committee iF-034 to investigate potential pit 
falls and solutions for direct injection gasoline technology. 

The effect of intake system and engine deposits whjcl- 
accumulate over time on direct injection technology Ir 
terms of vehicle performance such as acceleration, emis 
sions and driveability has not previously been discusset 
in the literature. In theory, injector deposit effects woulc 
have the same end result in GDI as PFI engines: poo 
atomization and targeting of the fuel leading to imprope 
air-to-fuel (A/F) ratio. The primary mechanism of intaki 
valve deposit (IVD) effects in PFI engines is ot absorbing 
desorbing fuel into the deposit, creating a transient A/I 
disruption in the cylinder. In the case of GDI, where n* 
fuel is injected into the intake manifold, a performanc 
effect would be expected only if IVD were sufficient! 
large to decrease the amount of air flow into tt>e cylinde 
Combustion chamber deposits (CCD) should have th 
same insulating effect in GDI engines as PFis, potentiall 
leading to octane requirement increase and increase 
NOx emissions. GDI CCD also has the added potential c 
absorbing fuel as it is directly sprayed at the piston crow 
bowl or possibly disrupting the air flow critical to the stra 
ified mixing. This could lead to poor A/F control in th 
spark plug region, resulting In misfire or knock. In gei 
eral, little has been published on the response of this ne 
engine technology to fuel and lubricant chemisti 
changes compared to conventional port fuel injecte 
(PFI) technology. 

The subject of this paper is a vehicle fleet trial unde 
taken to provide some of this information. The objectiv 
of this trial was to compare the fuel and lubricant perfo 
mance requirements of matched pairs of f^itsubishl Ca 
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•isma PFI and GDl%o vehicles over cycles emphasizing 
the seventy of lean burn and noar stoichiometric (rich) 
operations. Perfornnance was measured via deposit and 
vvear evaluations, vehicle emissions (including particu- 
lates), fuel economy, acceleration and driveability. 

Initial results related to engine deposits and engine oil 
performance have been presented (6). This paper 
includes subsequent data, which gives us a clearer pic- 
ture of the effect of fuel additive and lubricant on engine 
deposits, and presents the effects of the deposits on 
vehicle performance. A companion paper, SAE 1999-01- 
1499, presents an in depth look at the crankcase oil per- 
formance in the fleet. 

PROCEDURES 

Four 1998 Mitsubishi Carismas, two equipped with direct 
injection and two with port fuel injection engines, were 
tested in 20,100 km intervals to determine the effect of 
mileage accumulation cycle, engine type, fuel and lubri- 
cant on engine deposits and oil performance parameters. 
Emissions, acceleration and driveability were measured 
at the beginning and end of each test to provide informa- 
tion on the effect of deposits. As part of a fractionated 
factorial statistical design, two levels each ot cycle, fuel 
and crankcase oil lubricant were evaluated along with an 
assessment of car-to-car variation. Descriptions of the 
^ Vehicles, Fuel and Crankcase Lubricants are common 
. between this paper and the companion paper. Detailed 
explanations of the Drive Cycles, Vehicle Preparation and 
Data Acquisition are presented here and summarized in 
the companion paper. Conversely, a summary of the 
Experimental Design is presented here with a detailed 
explanation in the companion paper. The description of 
• the Deposit Measurements and Performance Tests are 
presented only in this paper, while descriptions of Engine 
Wear Measurements and Drain Oir Analysis are pre- 
sented only in the companion paper, 

VEHICLES, FUELS AND CRANKCASE LUBRICANTS - 
Two 1998 model 1.3L GDI%o Mitsubishi Garismas and 
two 1.6L PFI Carismas sourced from Germany were 
employed in this study. While the engines utilize the same 
basic block and displacement, the GDI power output is 
significantly higher than the PFI engine (92 versus 66 kW. 
respectively). Other peninent differences are compres- 
sion ratio (12.2:1 versus 10:1) and injection pressure (50 
versus 3 bar). Wiih the exception of the engines and 
mandatory equipment related to the engine option, all 
vehicles were identically equipped which included auto- 
matic transmissions and air conditioning. 

A total of four fuels were tested. An unaddittzed base fuel 
meeting European Union year 2000 specifications is 
denoted F1 . This fuel was chosen as being representa- 
tive of base fuel properties in the European market where 
these vehicles are currently in use. inspection data for 
the base fuel is given in Table 1. The same base fuel plus 
deposit control additives are denoted F2, F3 and F4, Fuel 
F2 was used in a half-fraction factorial design comparing 



808-730-3649 



T'U7 P 011/052 P-2A\ 



it to the base fuel (Fi), The additive in Fa is a polyisobu- 
tylene amine dispersant/polyether fluidizer "synthetic" 
package. The additive in F3 is a polyetheramine and that 
in F4 is another synthetic package using a second type of 
polyisobutylene amine combined in a different ratio with a 
second polyether fluidizer. These latter two were tested in 
single demonstration runs to see if significant differences 
in performance between any of the chemistry types 
would b© found. Between them they cover the majority of 
chemistry and package types in use in the North Ameri- 
can and European marketplace. The doses chosen may 
be characterized as providing top tier intake valve and 
injector cleanliness in conventional PFI engines. 

Table 1 . Fuel inspection Data 



Density 1 5* 


kg/m^ 


0.7561 


ReiO Vapor Pressure 


bar 


0.57 


Distillation ASTM 086 




IBP<s> 


^C 


33.8 




1 0% vol @ 


°c 


54,8 




56% vol @ 


■ 


102.6 




90% vol @ 




159.3 




95% vol @ 


^c 


175.9 




FBP vol @ 


°c 


195,8 




Recovery 


% vol 


98. 3 


Composition ASTM D1 


319 




Saturates 


% vol 


57,8 




6!et)ns 


% vol 


. 9.2 




Aromatics 


% vol 


33.0 


sulfur ASTM D 2622 


% mass 


0.0119 


Existent Cum 


mg/1 00 ml 


2.0 


Washed Gum 


mg/1 00 ml 


0.6 


Oxidation Stability 


mm 


>980 


Octane 
ASTM D 2699 


Research 


94.3 




Motor 


8l3 


P2 Additive 


Polytsobutylen© amine 1 
-t- polyether fluidizer 1 


F3 Additive 


Polyetheramine 


F4 Additive 


Polyisobutylene amine 2 
polyether fluidizer 2 



A multipurpose 5W-30 API SJ/ILSAC GF-2 type crank- 
case oil. representing formulations predominant in th 
Japan market (where these vehicles have also been 
introduced) is denoted 01. A lQW-40 API SH/CF ACEA 
A3/B3-96 partial synthetic crankcase lubricant is denoted 
02, representing the type of oil used in the European 
market. Both oils contain non-dispersant olefin copoly- 
mers as viscosity modifiers. The chemical profile of both 
fluids Is listed in Table 2. These two oils are compared in 
the half-fraction matrix with F1 and F2, while F3 and F4 
are tested exclusively with 02. 
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Table 2, CranKcase Oil Properties 





Oil 01 


Oil 02 


Treat Level (%wt) 


10.1 


14.2 


TBN (mg KOH/gm) 




9.5 


Sulfated Ash (%wt) 


0,67 


1.2 


Chemical Characteristics: 






(%wt) 


Calcium 


0.152 


0.31 




Phosphorous 


0.09 


0.O9 




Sulfur 


0.448 


0.61 




Zinc 


0.105 


0.10 




Nitrogen 


0.07 


0.09 




Magnesium 


0 


0 



DRIVE CYCLES - A test is defined as accumulating 
20,100 Knn by repetition of one of two specified drive 
cycles using one each of the defined fuels and lubricants 
from above. To ensure each drive cycle was reproduced 
consistently, the mileage was accumulated on a closed 
12 km test track. The two multistage drive cycles, 
denoted "Rich" and "Lean" cycles, were developed to 
emphasize homogeneous and stratified charge opera- 
tion, respectively, in the GDI vehicles while still represent- 
ing a realistic mix of driving conditions {idle, urban, 
highway). Comparisons ot the two cycles are presented 
in Table 3 and some representative operating data taken 
during mileage accumulation on each cycle is shown in 
Table 4. Some comparisons show similarities between 
the cycles, for instance the average speed ar>d proportion 
of time spent in low speed (less than 45 kph. including 
idle), moderate (40-80 kph) and high (>80 kph) speeds. 
Other measures point out the differences in the cycles, 
such as the number and type of accelerations and load 
placed in the vehicles. 

In addition to controls placed on the drive time of the 
vehicles, down time was also controlled. Vehicles were to 
be in operation for no more than 16 hours per day, and a 
4 hour minimum continuous soak was included. Continu- 
ous unscheduled downtime (due to inclement weather, 
for instance) was limited to 24 hours if possible. Beyond 
that, a minimum "exercise" was to be Instituted each day. 
Total elapsed time to accomplish the 20,100 km accumu- 
lation typically ranged from 22-2S days, though two runs 
took significantly longer. 



Table 3. Rich and Lean Cycle Summary 



Cycle 


Rich 


Lean 


Speed 
Distribution 


Idle 


9% 


27% 




<45 kph 


34% 


10% 




40-80 kph 


25% 


19% 




>80 kph 


32% 


44% 


Average Cycle Speed 


64 kph 


61 kph 


Acceleration 


Type 


Hard 


Light 




acce Is/km 


3.6 


0.16 


Ballast (kg) 


230 


0 



Table 4. Typical Operating Data tor GDI and PFi 
Vehicles on Rich and Lean Cycles 



Engine 


GDI 


PFI 


Cycle 


Rich 


Lean 


Rich 


Lean 


Time 
@ A/F 


<14:1 


21% 


2% 


30% 


4% " 




14<>20 


47% 


38% 


65% 


95% 




>20:1 


32% 


60% 


5% 


<1% 


Avg. 

Temp 

(C) 


Coolant 


90 


88 


91 


89 




Oil 


" 98 


89 


99 


89 




EGR 


205 


355 


58 


135 




Exhaust 




390 


525 


415 



EXPERIMENTAL DESIGN AND TEST MATRIX -The 
matrix of tests employed in this fleet trial is shown ii 
Table 5, The goals of the program are to clearly distin 
guish the effects of factors: 

• CYCLE - Rich versus Lean 

• ENGINE - GDI versus PFI 

* FUEL - F1 versus F2 

♦ OIL - 01 versus 02 

Because of the unknowns associated with the variabilii 
of the vehicles, particularly the new technology GDI veh 
cles, a fifth factor was taken into account: 

* VEHICLE -car-to-car variation 

Both GDI and PFI vehicles were run in a half-fraction fa* 
torial design on the variables CYCLE, VEHICLE an 
FLUID, where fluid is the combination of F1/01 or F2/0: 
Within GDI vehicles a full -factorial minus one ru 
(F1 ;01 ;Rich) on CYCLE, FUEL and OIL was complete- 
The run using F2, 01 on the Rich Cycle was omittei 
Duplicate runs in both vehicles allow us to estimate vel' 
cle differences. (We chose to not confound vehicle wr 
the interactions among the other factors by using it as 
blocking factor)- The companion paper explains tl- 
design in more detail. 

Fuels F3 and F4 were run in single demonstration tes 
to see if significant differences outside ot those define 
by fuels F1 and F2 would be observed. 



Table 5. Mileage Accumulation Experimental Matrix 



Vehicle 


GDI#1 


GDI #2 


PR #1 


PFH 


LEAN 
Cycle 


F1/01 
F2/01 


F2/02 
F1/02 


F1/01 


F2yc 


RICH 
Cycle 


F1/01 
FZ'OZ 
F1/02 
F3/02 


FV01 
F2/02 

F4/02 


F1/01 
F2/02 


F1/C 

F2;c 



VEHICLE PROCEDURE AND MEASUREMENTS 
Prior to each test, the top end of the engine was rebi 
and the engine flushed clean. New inlet and exhai 
valves were weighed and installed. Piston tops and cyl 
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f 

f( der heads were scraped clean of deposit- The oil pan, 
I*! valve cover coupons and intake manifold were cleaned 
and all deposits removed. PCV and EGR passages were 
G checked for blockage. Cylinder heads were rebuilt using 
I new valve stem seals and gaskets. New fuel injectors 
Ij were flow checked using a 10 second continuous actua- 
«j tion on Stoddard solvent (PFI injectors at 3.1 bar, the 
c same as vehicle operating pressure; GDI Injectors at 5.2 
i bar. the maximum flow rig pressure) and installed. Paired 
f camshafts were used on each vehicle so that precise 
i' wear measurements could be obtained after each run, 
i Each GDI vehicle was assigned a pair of high pressure 
1 fuel pumps, one e$ich for additized (F2, F3. F4) and base 
i fuel (F1 ) runs to look for any long term wear patterns. A 
i new air filler, oil filter {and triple oil flush), spark plugs and 
1 fuel fitters were installed. 

' During mileage accumulation. 150 ml oil samples were 
; taken at 4850, 9800 and 14,500 km intervals and 
1 retained for analysis. During the mileage accumulation 
i data on engine rpm» vehicle speed and various engine 
temperatures (Coolant, on sump, fuel tank, EGR and 
exhaust) are taken at one minute intervals. Representa- 
tive A/F measurements were also taken of each cycle. 

^ PfirfnrmRnce M«^afturements - Prior to the start of mile- 
age accumulation, each vehicle underwent performance 
tests oh the fuel and lubricant to be tested to define the 
clean-engine (or "checkback;** abbreviated C/B) baseline. 
At or near end of test the vehicles underwent the same 
tests (denoted EOT). , 

After engine rebuild and at the end of the 20, TOO km mile- 
\ age accumulation, a 21=^0 CRC CoW Start and Warmup 
(CS&W) driveability rating test (7^ wgs performed. The 
rating was performed in an emissions test cell to control 
external variables. The CS&W also served as the precon- 
ditioning for the emissions tests to follow. 

Emissions testing were performed in sequence with the 
' CS&W driveability. European Union (EU) Urban and 
Extra-Urban (or High Speed) cycles (8) were run as first 
and second "bags." followed by a 10 minute soak and an 
"off cycle" test used in running-loss testing dubbed the 
"New York City Cab" (NYCO) cycle (9). The Urban cycle 
data presented here includes the 40 sec idle startup 
emissions, which are excluded in official procedure for 
certification tests. The NYCO cycle was chosen as it rep- 
resented a cycle unlike either of the two reference cycles, 
with a high number of transitional maneuvers and more 
aggressive accelerations. A trace of the cycles is shown 
in Figure 1. Regulated emissions (hydrocarbon, carbon 
monoxide, nitrogen oxides) and fuel economy (via carbon 
balance) were obtained for each cycle (or ^laag") as well 
as a weighted average. The three bag test above was 
performed in duplicate. Outlier criteria adapted from the 
-* Auto/Oil program (10) was used to determine whether a 
third run was needed for either all three tests or the more 
variable NYCC cycle alone- 



Emissions Enalne Test Data 

VehlClO SpWXl mna GDI A/F RbUD 




Figure 1 . GDI Vehicle Emissions Cycle Trace 

Particulate emissions measurements were also obtained. 
Two stage filter particulates were obtained for each bag. 
In addition, particulate size distribution was obtained on 
the total two day emissions using an eight plate MOUDl 
Impactor (11). Average plate mid-point collection size 
ranged from 10 micrometer to 20 nanometer 

At the beginning of test (fallowing the C/B emissions) and 
after 18.500 km of mileage accumulation. 0-100 kph full 
throttle accelerations were performed. Ballasted and 
unballasted runs were completed (as in Table 3) on C/B. 
while only the condition being ain for mileage accumula- 
tion was run at the 1S.5K km mark- Six runs were aver- 
aged, three each in opposite directions on the test track. 
The runs were not performed at the end of mileage accu- 
mulation to avoid any Influence on combustion chamber 
deposits that the full throttle accelerations might have 
(note this is only a concern from the standpoint of the 
Lean cycle; the Rich cycle used full throttle accelerations 
as part ot the mileage accumulation). 

Dftpofiit Measurements - Upon completion of the 20,1 00 
km accumulation and C/B performance tests, deposit 
rr>easurements are performed. The crankcase lubricant is 
drained, weighed, and retained for analysis. The cylinder 
head is removed and disassembled and the inlet and 
exhaust valve deposits weighed, rated and photographed 
following the method used in the ASTtJ\ D 5500 proce- 
dure (12). Following photographs of each piston top and 
cylinder head, the thickness of the cylinder head and pis- 
ton top deposits of each cylinder are determined using a 
commercial depth gauge. Five measurements are taken 
in each of eight mapped areas of the piston top and three 
of the cylinder head for GDI engines. Six mapped areas 
of the piston top and tour of the cylinder head are used 
for PFI engines. The cylinder head and piston lop depos- 
its are then scraped and weighed. 

The oil pan and valve cover coupons are rated for sludge 
and varnish. Cylinder wall acetate replicates are taken for 
analysis of cylinder wear. Fuel injectors are flowed to 
determine any change from C/B. Spark .plugs are 
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removed and retained. The camshafts are removed and 
lobe rougtiness is measured. 

DEPOSIT RESULTS 

In the prior paper, it was noted that because of the run 
order chosen, it v^as possible that the preliminary deposit 
conclusions in GDI cars had a time factor bias, and that 
follov^^-up runs were planned to quantity or eliminate that 
possibility. Because of the nature of reusing the mam 
engine pans, a time effect is always an unwelcome possi- 
bility in this sort of fleet work. The foHow-up runs did in 
fact confirm a run order effect in the GDI cars for several 
of the deposit parameters. While this makes the analysis 
more complicated, due to the apparent linearity of the 
time trend it is possible to remove the bias from the data 
set. 

In this paper, the run order effect observed with respect 
to deposits is accounted for by regressing the data on the 
independent variables (CYCLE. OIL, FUEL. ENGINE) 
along with run order as a covariate. Where run order is 
found to be statistically significant, the effect of run order 
can be estimated and removed, and the underlying true 
ffect of the other parameters is more accurately gauged. 
The other advantage of modeling the results is that 
imbalances in the design (e.g. there are more Rich cycle 
runs than Lean cycle) are weighted appropriately- A sum- 
mary of the model-predicted results for those parameters 
with a p-value of less than 0.1 (significant at a 90% confi- 
dence) are presented in figures 2, 5 and 7 in the sec 
tions below and in Appendix A. 

Note that PFI vehicle results are always analyzed in 
terms of FLUID (OJL plus FUEL) since they were deliber- 
ately confounded In the design. However, since PFI 
engine deposit mechanisms are fairly well understood, it 
is possible to ascribe most observed effects to either the 
OIL or FUEL 

INTAKE VALVE DEPOSITS - Of all the GDI deposit 
results affected, run order had the greatest influence on 
interpretation of intake valve deposit results in that a 
parameter which appeared to be significant in the prior 
work (Fuel) was now shown to not be a factor. Con- 
versely, Oik which was not identified as significant previ- 
ously, is seen to be a significant factor in the amount of 
intake valve deposits formed in the GDI engine. These 
results are reflected in Figure 2, in which the European 
grade oil. 02, had a significant adverse impact on iVD 
relative to the Japanese market oil 01 . Mechanistically, tt 
makes sense that oil, and not fuel, should be the major 
factor. Oil has direct paths to the intake valves through 
the valve guides and PCV system, while fuel must be 
considered to interact with the intake valves in only a sec- 
ondary fashion, such as through blowback upon intake 
valve opening. This result presents a challenge to the for- 
mutators of motor oil. as oil 02 is the superior performer 
in the areas ot traditional crankcase performance 
(sludge, varnish, TBN retention, wear; see the compan- 
ion paper for a full discussion). 



Intake Valve Depo&iti 

Fu*l antf OB E«»Ctii fMijPtJiv* ton«i B^^^ ^ 

^ ■GDI ftlCM I 

Qqoi lean _ 1 




FmaI or Oil PartiMOtor (p<c0.t) 



Rgure 2. Statistically Significant Effects of 

Experimentally Varied Parameters on Intake 
Valve Deposits 



Lean cycle operation generated significantly more depos- 
its than Rich cycle in the GDI vehicles, and the majority ot 
IVD (average of 75% and greater than 60% in every run) 
was accumulated on the even numbered (driver's side) 
intake valve of each cylinder. This was most pronounced 
in the Lean cycle operations, where even numbered 
vaWes accounted tor more than 90% of deposits. Figure 
3 presents a typical view of the heavily deposited valves. 
ICP (Inductively Coupled Plasma) analysis of the depos- 
its show higher Ca, S and P on even numbered valves. 
This corroborates the theory that crankcase oil intro- 
duced via the PCV system, which is distributed only intc 
the even numbered intake runners, is a major contribut- 
ing mechanism to IVD in these engines. As seen in Fig 
ure 4, elements contained in the oil (Ca, S and P) exhibr 
a positive correlation with IV D» while wear metals (F£ 
(shown), Al and Cu) are negatively correlated with IVD 
which further supports the relation between IVD and oil* 




Figure 3. 735 mg/valve GDI Intake Vaive Deposit 
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ICP Analysis ot Intake Valve Deposits 



5 



to 
c 




100 1000 

IVD (mg/valve) 



10000 



Figure 4. Elemental ICP Analysis of GDI Intake Valve 
Deposits 

The IVD results are also instnjctive in showing the first 
contrasts between GDI and PFI technologies, IVD is 
unexpectedly higher in the GDI engines than the PFI, 
especially under Lean cycle conditions. This is unex- 
pected in that IVD is primarily associated with the fuel in 
PFI engines, and with no (or very litUe) fuel expected to 
contact the valves in GDI engines, very little IVD would 
be predicted. However, as noted above, oil has direct 
paths to the intake valves but, without the washing of the 
fuel, limited means of removal. 

Note the function of the deposit control additive in fuel F2 
is clearly demonstrated in the PFI vehicle results, where 
IVD is reduced to essentially zero. 

EXHAUST VALVE DEPOSITS - In both PFI and GD( 
engines exhaust valve deposits were an order of magni- 
tude less than the intake valve deposits, averaging about 
10 mg/valve. Run order was again significant in the GDI 
vehicles. All three additized fuels (F2, F3 and F4) pro- 
duced higher EVD than Fl , though the effect is only a 
change of about 5 mg/valve. CYCLE was the main signif- 
icant effect found in the PFI vehicles; a significant fluid 
effect (favoring Fl) couid be seen during the rich cycle. 
One contrasting point between GDI and PFI exhaust 
valve deposits was in their appearance, PFi deposits 
were characteristically gray, while GDI deposits were 
sooty black. 

INJECTOR DEPOSITS- Fuel injector flows and micro- 
graph visualization were used to characterize injector 



deposits. Figure 5 shows that fuel F2 produces signifi- 
cantly less flow loss in both GDI and PFI engines, though 
the only difference of any practical significance occurs in 
the GDI Lean case, where the difference in flow loss 
between additized and base fuel was about 6,5%. Visible 
proof ot the difference between additized and unadditized 
fuel is seen in Figures 6a-d. showing typical examples ot 
the injector barrel and plunger lip. It seems quite possible 
that, given a cycle tailored to injector deposits (for 
instance the ASTM D 5598 procedure (13)) and a more 
severe base fuel, injector deposits in the GDI could be 
rrujch greater. Given the evidence to date, howsfver, it 
appears the additive packages used in this study would 
be expected to successfully control injector fouling. 

Infector Deposits 
PuM and OH £ffem Pftiftirvs to Fl/Ol Db»o CftOb 




Fuel Of Oil Parameter (p«0.)> 

Figure 5. Statistically Significant Effects of 

Experimentally Varied Parameters on Injector 
Deposits (as Flow Loss at EOT) 




(a) Scanning Electron Microscopy of GDI Injector 

Plunger Tip, Head-On View, After 20,1 OO km 
on Lean Cycle Operation on Fl (Base Fuel) 
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(c) Sectioned GDI Injector Body After 20,1 00 km 

on Lean Cycle on F1 Base Fuel 




on Lean Cycle on F2 Additized Fuel 
Figure 6. See Figures a,b,c and d above. 



COMBUSTION CHAMBER DEPOSITS - Figures 7a-c 
present CCD mass, overall thickness and a more detailed 
breakdown of thickness^ respectively. Note that while run 
order is significant in the GDI results, it does not alter the 
direction or prediction of the significant parameter effects. 
In both GDI and PFI engine types, cycle has a significant 
effect on the level of CCD produced, with the Lean cycle 
producing more deposits on the reference F1/01 combi- 
nation. Between engine types GDIs produce more CCC 
than PFIs under the same conditions. 

In the PFI engines, the Fluid F2/02 can be seen tc 
increase CCD relative to F1/01, and this can likely b^ 
ascribed primarily to the fuel additive, though oil chemis 
try has also been shown to p!ay a role in CCD. In the GD 
engines, on the other hand, a larger effect in the opposite 
direction Is seen which Is significantly associated witi 
FueL Across both deposit accumulationcycles, fuel FJ 
reduced CCD mass (Figure 7a). Overall (cylinder heat 
plus piston top) CCD thickness differences (Figure 7b) 
however, are best described by Rich cycle operatioi 
alone. Though the trend is the same, no significant differ 
ences are calculated for the Lean cycle. To examine thi 
further, we break down the components that make up th» 
thickness measurement into piston top and cylindc 
head, and further divide piston top into bowl and pisto 
top without bowl areas. The piston bowl is the area of th. 
piston in which the fuel spray impacts during late injectio 
timing. 



Combu&tlon CHambvr Daposit M9S9 
PtJ»| and oil Etfact» Aolaltv* to Fi/Ol Btift« CAM 
(Run Oftftf StgnWcant < ; »>chjcteci) 




Fuel or OM PararrK^ter (p«0.t) 

(a) Statistically Significant Effects of 

Experimentally Varied Parameters on 
Combustion Chamber Deposit Mass 
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combusilon CKamb*r Deposit Mass 

FiMi and Oil EfibtXB BolRtNa to Pi^Ol B&se Cs»« 



, BGDIRICH 

□ G PI LEAN I 
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Fu6i or OH Parameter (p«0.1) 



(b) Statistically Significant Effects of 

Experimentally Varied Parameters on 
Combustion Chamber Deposit Total Thickness 



Combustion Crumber Deposit TttickMeas 
Fu»t and Oyc«0 Effvms 




Weh/Pi mcnfPt LAArt/Fi LM<vr£ 

Cycla and Fuel Parttmetdf 



(c) The Effect of Fuel and Cycle on GDI 

Combustion Chamber Deposit Thickness 

, Figure 7. See Figures a, b and c above. 

As seen in Figure 7c, F2 provides a significant decrease 
in CCD thickness in terms of all three measures in the 
Rich cycle and in the IdowI thickness in the Lean cycle. 
Cylinder head and piston top without the bowl differences 
between Fi and F2 are not significant in the Lean cycle. 
Fuels F3 and F4 also significantly reduced piston top 
bowl thickness, but the other CCD data were inconclusive 
based on the single data comparison. ICR calcium in the 
deposits were mainly influenced by CYCLE, rather than 
OIL, confirming differences between 01 and 02 were not 
a significant factor, 

EMISSIONS RESULTS 

End of test (EOT; depositee) engine) emissions are com- 
pared to checkback (C/B; clean engine) emissions in 
order to determine the effect of deposits overall. There 
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are many options possible even within that framework for 
making the comparison. In looking at the C/B data, it was 
observed that in most cases, there did not appear to be 
significant drift in the clean emissions of either vehicle 
type, but there was a significant amount of bounce in the 
GDI data. It was decided that since no significant run 
order effect was detected, average C/B results would be 
used for comparison with individual EOT results. It is 
believed that this yields a more precise estimate of clean 
engine emissions and a more accurate analysis. This 
also allowed us to overcome the operational problem of 
accounting for effects due to the differences in start-of- 
les! fluids, such as the effect of crankcase oil 01 versus 
02 on fuel economy. 

There was, however, one case in which a step change in 
vehicle emissions fc>ehavior was observed, NYCC partic- 
ulates jumped in both GDI vehicles after the fourth run 
(Figure 8 shows results in one vehicle). There are several 
interesting observations tied to this. First, the increase in 
NYCC particulates was accompanied by higher soot 
penlane insolubles and wear metals in the oil in the mile- 
age accumulation, as is discussed in the companion 
paper. The NYCC cycle is very similar in character to the 
Rich Cycle for accumulation, which is the cycle the vehi- 
cles operated on for these runs. This may explain a tie 
between the particulate shift seen only in the NYCC 
emissions, but apparently carried over to the vehicle 
operation. Finally, note there was a scheduling stagger 
so that this effect did not take place at the same calendar 
time for each vehicle. At this point it is unknown what 
caused the shift. 

PArtif^latft Emi&sions Run OrHar TrwKl 




0 J _ 

1 3 3 4 5 0 

Run Number 



Figure 8. Particulate C/6 Emissions Run Order Effect in 
a GDI Vehicle. 

REGULATED EMISSIONS AND FUEL ECONOMY - 
Figure 9a-d present the results of the regulated emis- 
sions (hydrocarbon, carbon dioxide and nitrogen oxides) 
and fuel economy obtained from the emissions carbon 
balance. The format is chosen to provide a ready com- 
parison of PFI and GDI, the different emissions cycles, 
and the effect of deposits between C/B and EOT p-val- 
ues of the significance of the delta between C/B and EOT 
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are provided in the legend. The p-value reported her is 
for the t-test used to assess whether the average eOT-C/ 
B delta was significantly different from zero. Note that 
since PFI cars ran only a total of six tests compared to 
eleven for the GDI vehicles, the significance levels will be 
less for PFI given the same magnitLJde of effect. These 
results are also tabulated in Appendix B. 

Hydrocaition emissions (Fig. 9a) demonstrate a signifi- 
cant (at the p<0,1 level) negative innpact of deposits on 
the GDI vehicles for each cycle as well as the mileage- 
weighted composite. The NYCC cycle exhibits a particu- 
larly strong response with a three-fold increase between 
EOT and C/B (Note the percentage change for any of the 
emissions results are included in Appendix B). The GDI 
vehicles had higher HC emissions than the PFI vehicles, 
particularly the NYCC and Urban cycles (recall the Urban 
cycle here includes the 40 second start-of-lest idle emis- 
sions). The PFI vehicles showed no statistically signifi- 
cant effect of deposits on HQ emissions. 



HC Emissions 

EOT Deposited 
versus C/B Clc^n 




<a) 



Effect of Deposits on Hydrocarbon Emissions 
In GDI and PFI Vehicles 
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CO Emissions 
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(b) Effect of Deposits on Cartxjn Monoxide 

Emissions in GDI and PFI Vehicles. 



A p-o.gs GDI ECE EMra Urban 
■p-0.16 GOlCCEUrbim 
I •(i-0^2GDl NYCC 

• P-.0.&7 GDI Camposrte 
! Ap»0.93 Pri gee fctirt urban 
j O p.0.d9 PFI aC£ U^Dan 

Op-Q.2l PFI NYCC 
I Op-0.64 PFt Comooch* 
»BS C/e-EOT 



NOx Emissions 

EOT Paposited 
versus C/B Clean 




0.1 1 



(c) 



Effect of Deposits on Nitrogen Oxides 
Emissions in GDI and PFI Vehicles, 
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<d) 



C/B Fue( Economy (km/q 

Effect Of Deposits on Fuel Economy in GDI 
and PFi Vehicles. 



Figure 9- See Figures apb,c,d above. 

The GDI vehicles also showed a strong response 
deposits with a 33% increase In composite CO and st 
tistically significant differences between clean and depc 
ited engines for each emissions cycle (Fig. 9b), The P 
cars again showed no response. In this case the tv* 
engine types had similar composite emissions leve 
though the individual cycle results, such as NYCC. c 
not always line up. 

NOx emissions (Rg 9c) trended up by similar amour 
with deposits for both engine types (about 10% on tl 
composite), but the differences were not statistically si 
nificant in either case. The PFI vehicles had lower NC 
emissions than the GDI vehicles for each cycle. 

While a summary of deposit versus fuel economy da 
yielded no statisticaliy significant results (see Figure ! 
legend), the trends observed are consistent across emi 
sion cycles and worth noting. Recall, first that EOT fu 
economy values are compared to the average C/B fu 
economy on fresh oil Of the same type (Ol or 02). A cc 
1000 ""^^^'^^ factor is applied to merge the data into the oi 
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point per ornissions cycle shown. Also, while neither oil 
fell out of vis grade, there were some changes between 
beginning- and end-of-test oil properties that could affect 
fuel economy but are not accounted tor here. However, 
analysis indicates oil vis effects were consistent across 
engine types so connparisons between GDI and PFl on a 
relative basis stiould be valid. 

As can be seen in Figure 9d, PFl fuel econonny trended 
up at EOT by about 2% on average. This value is consis- 
tent with previously reported increases associated with 
the buildup of CCD (e^g. 14), due primarily to increased 
thermal efficiency. The GDI vehicles, on the other hand, 
exhibited a trend of similar magnitude in the opposite 
direction; C/B fuel economy tended to be higher than 
EOT by about 2%, Interestingly, both PFl and GDI fuel 
economy did correlate with CCD mass at a 90% confi- 
dence level {with opposite-signed correlation coeffi- 
cients). Clean vehicle fuel economy was somewhat 
greater for the GDI than PFl, but EOT fuel economy was 
essentially identical between the engine types. The differ^ 
ence in displacement and power output of the engines 
should be taken into account when making this compari- 
son. 

Individual D eposit Effects on Fmissionfi - A summary of 
the statistically significant individual deposit type effects 
on GDf emissions is presented in Table 6- In the context 
of consistency, only the effect of injector fouling on NOx 
carries through to more than one emissions cycle. The 
Extra Urban cycle had the best repeatability of the emis- 
sions cycles used, which may account for the number of 
statistically significant results there- The PFl results, with 
fewer runs, show even fewer significant correlations. 
While it is somewhat disappointing that greater definition 
of the effects of the types of deposits could not be made, 
it is not unexpected for a scoping study such as this and 
will be the focus of -future efforts- 

TatHe 6. Summary of Individual Deposit Effects on GDI 
<: Emissions 
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standpoint, particularly those of sub-micron size. Spark 
ignited gasoline engines have, for th most part, avoided 
this scrutiny as diesel engines tend to produce orders of 
magnitude more particulates. However, as can be seen in 
Figure 10, direct injection technology appears to produce 
substantially more particulate mass than conventional 
PFl, both in total mass and in the smallest size ranges. 
Both vehicles produced the bulk of their particulates in 
the smallest size range, with more than a third of PFl and 
nearly half of GDI particulate mass collected in the 20 nm 
range on average. The data in the figure represents an 
average over the first six runs on each engine technology 
for each of the plates in the MOUDI impactor. 



GDI vs PPI Particulate Conripanson 
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PARTICULATE EMISSIONS - Particulate emissions are 
currently the topic of Intense study from a health effects 



Figure 1 0. Characterization of Particulate Emissions in 
GDI and PFl Vehicles, 

Figure 11a presents the EOT and C/B particulate results 
from the two-stage filter for the different emissions cycles. 
Figure 11b presents composite particulate data from the 
two-stage filter, the sum of the MOUDI plates, and th 
results of the final (20 nm) collection plate. The data is 
compelling in that the deposited, EOT engines produced 
significantly less particuiales than the clean, C/B 
engines, both overall and in the 20 nm range. The trend 
IS the same for both engine types, though only the GDI 
data with more runs is statistically significant. Note the 
three particulate measures gave consistent results In 
terms of the trends. In diesel studies, a NOx/particulate 
tradeoff is commonly attributed to thermal efficiency; in 
the GDI a similar tradeoff appears to be occurring. The 
trend downward in fuel economy is counter to this theory, 
txjt could be the result of conflicting effects such as fuel 
absorption in the piston bowl deposits, IVD restriction of 
intake air flow, etc. 
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Figure 12. Effect of Deposits on Acceleration Time in GDI 
and PFI Vehicles, 



Particulate Measure Comparison 
EOT DeposdQd versus C/B dean 




(b) Effect of Deposits on Particulate Emissions; 

by Collection Method and Size, 

Figure 1 1 . See Figures a and b at>ove. 

ACCELERATION - The performance advantage of the 
GDI engine is cfearly shown in Figure 12, in which GDI- 
equipped cars are 1-2.5 seconds faster In 0-100 kph full 
throttle acceleration than the PFhequipped cars. Bal- 
lasted data refers to that collected with the 230 kg placed 
in the vehicles for Rich cycle runs. Unballasted accelera- 
tions had no extra weight, as in Lean cycle runs. This fig- 
ure also shows the significant negative effect deposits 
have on the GDI performance. 



An Experiment into the Relation between CCD and 
Acceleration — As in most Of the emissions results above, 
acceleration performance did not significantly correlate 
with any of the individual deposrt types. In order to Inves- 
tigate the mechanism of CCD formation and removal and 
to see if data directly connecting CCD and acceleration in 
the GDI vehicle could be obtained, a follow-on experi- 
ment was performed at the end of one of the 20,100 km 
test runs. 




(a) GD! Cylinder Head CCD Following 20,1 00 kn 

Rich Cycle Mileage Accumulation on Fuel F4 
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(b) GDI Cylinder Head CCD Following 1600 km 

Additional Mileage Conditioning on F uel F4 
and 1 1 00 km on a High Dose of the F3 Fuel 
Additive. 



Figure 13. See Figures a and b above. 

Figure 13a is a photo taken at the end of 20,1 00 km test, 
which used F4/02 on the Rich cycle. Following measure- 
ment, the engine was reassembled with all def:>ostts 
Intact and sent back out for 1 600 km accumulation on the 
Rich cycle and same fuel to recondition deposit stability. 
The vehicle then ran an additional 1 1 00 km (about two 
tanks of fuel) on an "aftermarket" dose of the poiyether 
amine additive used in Fuel F3 (an order of magnitude 
uptreat). This type of additive is known to reduce com- 
bustion chamber deposits in PFI engines at such doses. 

• The engine was disassembled, the deposits remeasured 

! and the photo in FHgure 13b taken. The piston bowt (the 
area directly in line with the injector fuel spray) experi- 
enced a 1 00% deposit removal. Overall the deposit thick- 
ness decreased about 30%. in order to ass.ure this result 

; was not simply due to the procedure, the process was 
repeated, but without adding the poiyether amine. At the 
end of that 2700 km mileage accumulation, it could be 

, seen that the CCDs were reestablishing at near the origi- 
nal levels. The lower portion of Figure 14 presents this 
data. 



GDI CCr>-Acc«leraiion Experiment 




laoCD SOOOQ 32000 24OO0 26O0O 



T«fit Miloagfr (Km) 

Figure 14. Comparison of the Change Observed in CCD 
Thickness and GDI Vehicle Acceleration 
Performance. 

Also shown in Figure 14 are 0-100 kph accelerations per- 
formed during this experiment. The usual 18,500 km 
acceleration before EOT teardown was followed by one 
at the end of the 1600 km reconditioning run, with virtu- 
ally the same result. At the end of the 1 1 00 km *two tank" 
accumulation, before teardown, another acceleration was 
run with statistically lower times. During the final 2700 km 
phase of mileage accumulation and at the same mileage 
points (1600 and 2700 km) as the previous sequence, 
accelerations were again performed. As seen in the fig- 
ure, the acceleration times directly track with the change 
in measured CCD thickness. This would appear to be a 
confirmation that CCD plays a direct role in the deposit/ 
acceleration relationship. 

DRIVEABILITY - Both GDI and PFI technology vehicles 
performed well in CBC Cold Start & Warmup tests 
throughout the program. There was no statistically signifi- 
cant change in driveability demerits with either engine 
type, and the level of demerits recorded was below what 
is considered objectionable to consumers. Several fac- 
tors may be considered in future work to test the appetite 
and requirements of the vehicle. One parameter to con- 
sider is the fuel, which in this study had relatively low 
(good) driveability index. Use of a more severe, less eas- 
ily volatilized fuel may show more sensitivity. 



FUTURE WORK 



1. Further refine mileage accumulation cycles to best 
discriminate the effects of fuel additive and crank- 
case oil on the various GDI deposits; continue to look 
for fuel additive and crankcase oil solutions to deposit 
buildup. 

2. Run further experiments to separate the effects of 
individual deposit types (injector, IVD, CCD) on vehi- 
cle performance (emissions, driveability. accelera- 
tion). 
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3. Determine root causes of the effect of run order on 
deposits and oil performance. 

4, Expand the investigation into other direct injection 
gasoline engine designs. 

SUMMARY 

An ambitious scoping study was undertaken to gain 
insight into the fuel and oil appetites, deposit formation 
characteristics and effects on vehicle performance of 
direct injection gasoline engine technology. Though run 
order effects had to be taken into consideration, through 
statistical modeling the study has yielded a number of 
significant Insights. 

With respect to engine deposits: 

1. Intake valve, combustion chamber and injector 
deposit formation in GDI engines is greater than 
those in the comparable PFl technology engine. 

2. CCD and Injector deposits in DGI engines are found 
to be a function of mileage accumulation cycle and 
fuel, but not crankcase oil. The additives used in this 
study proved to be effective in controlling deposits, as 
injector deposits did not form and CCD was lowered 
compared to base fuel. 

3- Using the complete data set and deposit analysis, 
IVD in GDI engines is found to be dependent on 
crankcase oil and cyde. but not fuel. This clarifies the 
preliminary results presented by the authors in a pre- 
vious paper. The 5W30 GF-2 oil produced higher lev- 
els of IVD in the GDI engine than the 10W-40 ACEA 
oil. IVD in PF( engines were completely eliminated 
using the synthetic fuel additive, regardless of cycle. 

4. The best discrimination between oil and fuel parame- 
ter effects was cycle specific for injector deposits 
(Lean) and combustion chamber deposits (Rich). 

In terms of performance effects: 

5. In GDI vehicles, deposited engines were found to 
have increased hydrocarbon and carbon monoxide 
emissions and poorer fuel economy and accelera- 
tion, but lower particulate emissions at a statistically 
significant level. Effects in PFl engines, though in 
general not statistically significant, were directionaliy 
the same for NOx and particulates but the opposite 
for HC and CO emissions and fuel economy 

6. In terms of specific deposit effects, evidence is pre- 
sented that CCD is correlated with acceleration. HC 
and CO emissions and fuel economy, while injector 
deposits correlate with NOx formation in the GDI 
engine. 
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ABSTRACT 

Our concern was with the phenomenon of the fuel flow 
rate change in the injector due to deposit formation in the 
direct injection gasoline engine. The fundamental factors 
in the deposit formation on the nozzle were invest'gated, 
and engine dynamometer tests were performed. It was 
dartfied that the residual fuel in me nozzle hole should be 
kept in a liquid state so that deposit precursors could be 
washed away by fuel injections. As a consequence, the 
riozzJe temperature had to be below the 90 vol. % distilla- 
tion temperature of the fuel, which was the most impor- 
tant index to suppress the deposit formation. 

INTRODUCTION 

It is well known that the accumulation of deposits on the 
nozzle in a fuel injector changes the flow rate and the 
spray characteristics, so that the engine performance 
becomes deteriorated. The suppression of the deposit 
formation on the nozzle has been examined previously 
for multiport fuel S.L engines and diesel engines before 
(1)(2){3){4). Recenfly. direct injection gasoJine engines 
have been developed which have successfully improved 
fuel economy under ultra lean stratified combustion 
(5}(6)(7). The nozzle in the fuel injector for the direct 
injection gasoline engine is exposed to high temperature 
combustion gas and soot In such a rigorous environ- 
ment, it is predicted that deposits easily accumulate on 
the nozzle. The fuel injection pressure, the fuel proper- 
ties and the combustion processes of the direct injection 
Qasoline engines are also greatly different from those of 
the diesel engines. It is thought that the factors in the 



deposit formation on the nozzle can be classed into such 
as two groups. One factor is th© combustion products, 
such as soot, which are generated in the combustion 
chamber. The combustion products may accumulate on 
the nozzie surface and invade the nozzle hole. The other 
factor is the residual fuel on the nozzle. The residual fuel 
may change in quality due to thermal factors. These fac- 
tors will be influenced by the compositions and the tem- 
peratures of the combustion gas and the fuel. Therefore, 
the tormatJon processes of the deposits on the nozzle are 
very complicated, and they have not yet been clarified in 
detail. 

EXPERIMENTALAPPARATUS AND 
PROCEDURES 

The constitution of the injector used in this study is 
described (8). The nozzle in the fuel injector had an 
injection hole with a diameter of 0.2 mm and a port type 
swirl. This fuel injector could operate at a maximum fuel 
pressure of 1 2 MPa and had a fuel flow rate of 8 mm^/ms. 
The Sauter Mean Diameter (SMD) of the fuel spray drop- 
lets was 1 5-20 M.m, and the angle of the spray shape was 
60 degrees at atmospheric pressure. This nozzle was 
made of stainless steel (AtSI 440C) with a surface hard- 
ness of HRC60 and a surface roughness of 0.04M.m Ra. 

Engine dynamometer tests were performed to examine 
the deposit formation using two kinds of engines with the 
above-mentioned Injectors. One was an in-line 4-cylinder 
engine, and the other was a single-cylinder engine, which 
was improved for these exeriments. 
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The in-line A-cylinder engine was used to examine under 
which conditions the fuel flow rate in the injector 
decreased due to the deposit accumulation. The specifi- 
cations of the in-line 4-cy1tnder engine are shown in Table 
1 . The engine speed was set at 1 000-4000 rpm, and the 
fue( flow rate was set at 1 5-50 mm^/st (mm^ per stroke of 
the needie valve in an injector) in these tests. The gaso- 
line used was unleaded regular with a Research Octane 
Number (RON) of 91 - Each test with the in-line 4-cy!indQr 
engine was performed for 6,5 hours. 

Table 1 . In-line 4-cylinder engine specifications 



Displacernent 


1 998 CO 


Bord X StroKd 


86 X 86 m 


V^lvds pef Cylind©)- 


4 


Compression ratio 


10 


intake port 


Helical and Straight 


Tuel pressure 


12MPa 


Puel suppiy 


Swirl iniActo 


Fuei 


Unleaded regular (91 RON) 


Table 2. Single-cylinder engine specifications 




433c 


Bore X Stroke 


82 X 82 m 


Compression ratio 


fi 


En^tno speed 


lOOOrpm 


Fuel pressure 


6MPa 


Fuel prossuro 


Swirl Injecto 


Fuel suppi/ 


Unteaded regular (91 RON) 



The single-cylinder engine was used to investigate the 
processes of accumulation of the deposits on the nozzle; 
the specifications are shown in Table 2. Although the 
same type Injectors were used in the single-cylinder 
engine, the displacenneni, bore, stroke and compression 
ratio in this engine were slightly different from those of 
the in-line 4<ylinder engine. The single-cylinder engine 
speed was fixed at 1 000 rpm. The fuel pressure was reg- 
ulated at 6 MPa because the deposit accumulation pro- 
cess was hastened. In this engine head, the coolant 
water passages were independently arranged around the 
nozzle circumference to control the temperature of the 
nozzle. The nozzle temperature was measured by a 
thermocouple whose diameter was 0.25 mm and whose 
position was 1 mm away from the Injection hole. Each 
test with this single-cylinder engine was performed for 30 
hours. 



The flow rate change in the injector was evaluated by 
measuring the static tiow rale in the injector before and 
after the engine dynamometer test. The air/fuel ratio in 
the exhaust gas was also measured in these engine 
tests, and we confirmed the correlation between the 
changes in the fuel flow rate and the air/fuel ratio. 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

FACTORS IN DEPOSIT FORMATION - To examine the 
factors in deposit tormation, engine dynamom ler tests 
were performed on the in-line 4-cylinder engine. The 
engine was njn for 6,5 hours under each condition. As 
shown in Fig. 1, the fuel flow rate in the injector notice- 
ably decreased under the conditions of 3000 rpm to 4000 
rpm and the 30 mm ^/st neighborhood. The relation 
between the engine driving conditions and the nozzle 
temperature is also shown in Fig. 2. The conditions 
under which the nozzle temperature exceeded 150«C 
coincided with the conditions under which the fuel flow 
rate was noticeably decreased. The deposit accumu- 
lated in the nozzle hole was stongly adhered on the sur- 
face. It had to be rubbed with a metal piece to remove 
the deposits from the nozzle hole. 

We observed the outside surfaces and the injection holes 
of the nozzles by an optical microscope after the in line 4- 
cylinder engine tests. The nozzle surface with the mud- 
changed flow rate was foud to be covered by a deposit 
layer and the layer extended into the injection hole. 

The layer accumulated on the nozzle surface was very 
fragile and fell off the nozzle surface easily when it was 
touched with a finger. The compositions of the deposit* 
on the nozzle surfaces were analyzed by Electron Probe 
Micro Analysis (EPMA) and infrared spectra analysis 
and the following results were found. The major constitu- 
ents of the deposits were 15-30 % carbon and 1-5 % oxy 
gen, and the phosphorous and calcium contained in the 
engine oil which only existed at less than 0.5 %. Aro- 
matic groups (C=C ring), carbonyl groups (C=0) 
hydroxyl groups (O-H) and alkyi groups (C-H) were con. 
firmed as major functional groups. Based on these anal 
yses. It was recognized that the deposits were mainti 
constituted of functional groups with abundant oxygej 
which composition was similar to that of the deposits ir 
combustion chambers of gasoline engines. In addition 
the carbonization degree of the deposits on the nozzle 
surface was lower than the carbonization degree of sooi 
in diesel engines. 

The deposit layer was the thickest at the exit of the nozzh 
hole, and the layer became progressively thinner towar< 
the upper part of the nozzle hole. Because the amount c 
the deposits in the nozzle hole was very slight, we couif 
not plainly specify the chemical structure. 
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Num«rioa( value is decrease ratio 
in fuel flcitu ratft 
5fi < 0% 




10D0 



2DDD 3000 
Bigine speed rpm 



4QD0 



Fig.l Relation between decrsase ratio in fuel flow rate 
and engine test conditions 

Numerical vaJu^ C^) i5 nozsle temp^rratune. 




2DDD ;SDOD 4000 

Ert^ine speed rpm 

Fig .2 Relation between nozzle terTiperaturfe and 
engine test condrtions 



Moreover, to examine ttie effects of the fuel properties, 
the 4-cyiinder engine tests were performed with 7 kinds 
of fuels. Under each conditian, the engine was run tor 
B.5 hours at 3500 rpm and 30 mm^/st, and the nozzle 
temperature was 160°C. We measured the properties of 
the fuels, which are the vapor pressure, 50 vol % distilla- 
tion temperature, 90 vol, % distillation temperature, end- 
point, aromatic component ratio> moisture ratio and gum 
amounts. Table 3 shows these characteristic values of 
the properties with F1-F7 fuels. The correlation coeffi- 
cients between these fuel characteristic values and the 
ratio of decrease in the fuel flow rate are shown in Fig. 3, 
ft was found that that the correlation coetficient between 
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the 90 \/o\. % distillation temperature and the decrease 
ratio in the fuel flow rate was the highest at 0.93. The 
correlation coefficients of the 50 vol. % distillation tem- 
perature and the endpotnt were higher, too. Taken in the^ 
light ot these correlation coefficients, the tuet flow rate 
change due to the deposit accumulation was related to 
the distillation characteristics of the fuel. However, the 
correlation coefficient for the aromatic content was very 
low. 

Table 3- Fuel specifications 





F1 


F2 


F3 


F4 


F5 


F6 


F7 


Vapor pres. 
(KPa) 


78.1 


73-3 


57.6 


82.9 


92.8 


&8.3 


77.3 


T50% po'tnt 


95.0 


dd.5 


107 


85.5 


85.5 


122 


91.0 


T90% point 

rc) 


165 


163 


144 


147 


148 


168 


143 


Endpoint 


184 


185 


187 


190 


194 


204 


180 


Aromatic 

com. 

(%) 


29.6 


33,1 


50.3 


25.3 


23.2 


37.3 


39.4 


Gum cont. 
(mg/IOOmI) 


0.64 


0.96 


1.19 


0.20 


18.3 


0.41 


16.5 


Waior conL 


&3.6 


74.2 


144 


63.9 


49^ 


73.0 


182 



T5C*i point 
T50*t point 
point 

Com content 
Water com«rt 



Em 



-1 



-0.5 0 0.5 1 

Corrcilatlon coeffk:iem 



Fig. 3 Correlation coetficient t>etweeh fuel specitioation 
a^d decreas* ratio in f u6l flow rate 

ACCUMULATION PROCESS OF DePOSITS ^ The sin- 
gle-cylinder engine tests were performed to Investigate 
the accumulation process of the deposits on the nozzle in 
detail. Driving conditions A-E ot these engine tests are 
shown in Table 4. The nozzle tempera-ture shown in this 
table was the value at 30 minutes alter the start of the 
engine test. Two kinds of unleaded regular gasoline were 
used in these tests; the 90 vol. % distillation tempera- 
tures of These fuels were 150^*0 and l6e''C. 
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Condition A had the highest temperature of the nozzle 
and air/fue! ratio 12, B is the same engine driving condi- 
tion as A, but the nozzle of B is cooled by \A/ater» whose 
temperature is lOO^C. In the case of D, the nozzle tem- 
perature is almost the same as that of C. but soot is gen- 
erated in C- Under condition E» using another fuel which 
contains higher boiling point ingredients than the fuel 
used in A-D, E was examined under the same engine 
driving condition as A. 

Figure 4 shows the fuel flow rate changes with time under 
the condition A-D- In condition A. whose temperature 
was the highest, at least, the flow rate change became 
the largest under ail conditions at 30 hours. However, the 
flow rate change did not occur from the start to several 
hours, and it began to decrease at around 2 hours from 
the start. Although the decrease in the flow rate contin- 
ued up to around 8 hours, it did not change much after 10 
hours. In condition B» whose Temperature was the low- 
est, the flow rate change was the lowest too. There is 
not much difference between the flow rate changes in C 
and D. The results show that soot occurring in the com- 
bustion chamber does not always lead to changes in the 
fuei flow rate. Under ad conditions, the flow rate changes 
did not occur from the start to several hours; moreover, 
they did not change much after 1 0 hours. 

The relation between the nozzle temperatures and the 
fuel flow rate changes in the injectors for the slngle-cylin-^ 
der engine Is shown in Fig. 5. From the results of A-D, it 
was found that the flow rate change increased as the 
nozzle temperature became higher. When the nozzle 
temperature exceeded 160 _ the flow rate change . 
became significantly greater. It is thought that this phe- [ 
nomenon is connected to the distillation characteristics of J 
the fuel. Using another fuel, containing higher boiling 
point ingredients than the fuel used in the tests of A-D» 
tests cofKlucted under the same engine driving condition 
as A gave the result shown as E, When the fuel with a 
higher boiling point Ingredient was used, the flow rate 
change became smaller than that in A. The results show 
that the flow rate change due to the deposit accumulation 
is related to the nozzle temperature and the evaporation 
characten'slics of the fuel. The 90 vol. % distillation tem- 
peratures of 2 types of fuels used for these engine tests 
are shown by the broken line and the dotted line in this 
figure. It was observed that the flow rate change was 
restrained when the nozzle temperature was lower than 
the 90 vol. % distillation temperature of the fuel. 

The accumulation processes of the deposits were 
observed using a SEM, Figure 6 is a photograph of the 
no22ie, for which the fuel flow rate decreased 1 0 % after 
30 hours under condition A. A smooth and uniform 
deposit layer covered the nozzle surface. A hollov^ 
Existed around the nozzle hole, which contained some 
lumps of deposits like coral on the circumference. In this 
hollow, powder material of the order of several p-m in 
diameter was found, and such a state continued into_the 
nozzle hole. 
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Table 4. Single-cylinder engine test conditions 



SymboJ 


Temp- 
CC) 


Air/Fuel 
ratio 


SmoK* 
(B.S.Uj 


90% Distjia 
tion Temp, 
of Fuel (*c 


A 


165 


12 




150 


B 


100 


12 


0 


ISO 


C 


154 


10 


\ 


t50 


D 


155 


15 


0 


150 




165 


12 


C 


160 



1? 15 

o 

^ 10 

Q 0 



A 



























10 20 
Time I 



30 



Fig. 4 Fuel floui rate change with passage of tirne; 



15 



I 10 h 



5 

B 

m 
£ 

Cf 

Q 



Di5ti(i3tion Temp, 
of Fuel on Condition E 



QD 9ii Dis^niation Temp . , 
of F uel on Condition A P. 




80 lOD 120 1^ teO ISO 
NoszJe temperatune t 

Fig .6 Relation between nozzle temperature ar^d 
decrease T^io in fuel flow rnts 
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Ftg. 6 Phott>arapK of nossU surface at 30 h 

The accumulation processes of the deposits on the out- 
side surface of the nozzle and in the nozzle hole under 
condition A are shown in Fig, 7, 8, 9. Figure 7 is a photo- 
graph of the nozzle before the test. The metai surfaces 
of the outside and the inside were finished smoolhly. 
When the test was started, some deposits began lo 
accumulate on the outside surface at first In the nozzle 
hole, however, the accumulation of deposits was not rec- 
ognized until 2 hours had passed. Figure 8 is a photo- 
graph of the nozzle after 4 hours, and the flow rate was 
reduced 2 The outside surface was already covered 
by the deposit layer. However, on the inside wall of the 
nozzle hole, a snr^all amount of deposit began to accumu- 
late in the exit area only- When more time passed, tho 



deposit layer in the hole progressed upstream. Figure 9 
is the state of the deposits after a hours. It was recog- 
nized that a part of the deposit layer had fallen off on the 
outside surface. In the nozzle hole, the deposit layer 
already covered the whole wall. The flow rate change 
had reduced by 1 o %. 

Similar observations were found under the other condi- 
tions, and It was recognized thai the reduction rate of the 
nozzle hole area agreed with the flow rate change. 

Taking into account these observed results, the accumu- 
lation process of the deposits was considered. At first, 
the combustion products accumulated on the surface of 
the nozzle immediately after the test start. The surface 
around the nozzle hole became wet with fuel by the injec- 
tions. Accordingly, the view of the deposit layer around 
the nozzle hole was different from the other area. As the 
deposit layer around the nozzle hole grew thick, the layer 
extented over the exit of the nozzle hole in excess. As a 
result, after a fuel injection, only a small amount ot fuel 
remained on the exit. The fuel, which had remained in 
the nozzle hole, received thermal influence and changed 
to the deposits. ConsequenHy. the starting point of the 
deposit accumulation in the nozzle hole was the exit of 
the nozzle hole. The deposit layer gradually progressed 
upstream. 

The relation between the nozzle temperature and the 
deposit layer thickness on the nozzle surface under con- 
dition A is shown in Fig. 10. Though the deposit layer 
grew with time, the nozzle temperature decreased. After 
30 hours, the nozzle temperature increased rapidly. The 
reason could be that the deposit layer on the nozzle sur- 
face fell off. When the test was restarted, the nozzle tem- 
perature began to decrease again. 



Nozzle hole 




Fig .7 Photographs ot rtossle surface and noazle hole before test 
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(3) 



I.' i.'' 



f'^'. .... • ^->t 



^'^'Z'' ^.^-v-^r "■■/^^-^^i;^^^ 




40yim 



Pig.S Photographs of no22le surface and rtoszle hole at 4 h 




25Dpm 




Fig.fi Photographs of noazle surface and nozzJe hole at S h 



The reason why the decrease in the fuel tlow rate contin- 
ued up to around 8 hours and did not change much after 
10 hours can be explained. When the engine test was 
started, the nozzle temperature exceeded ISO'^^C, which 
was the 90 voL % dis^llation temperature of the fuel. In 
this circmference, the deposit formation could progressed 
in the nozzle hole, and the flow rate changed increased 
rapidly. Naturally, the combustl-on products also accu- 
mulated on the nozzle surface under this condition. The 
deposit layer which accumulated on the nozzle surface 
acted as a heat insulator. The nozzle temperature gradu- 
ally became lower because of the combustion products 
accumulating on the surface. As a result, the formation 
ot the deposits in the nozzle hole was restrained after 8 



21 S2 



hours, because the nozzle temperature was less than the 
90 vol- % dislillation temperature of the fuel. 

Because the major ingredients of the deposits on the 
nozzle surface were the combustion products, strong 
cohesion did not exist between the deposits and the noz- 
zle surface. At a result, when the thickness of the deposit 
layer became about 0,2-0.4 mm, part of the layer fell off 
the nozzle surface as shown in Fig, 10- On the other 
hand, the deposits in the nozzle hole mainly changed 
from the residual fuel due to thermal influence. For this 
reason* strong adhesion existed t^tween the deposits 
and the wall of the nozzle hole. At a result, the„deposit 
layer in the nozzle hole resisted the fluid power of the fuel 
injections. 
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Fig, 10 Relation bfiitUJfeen no22lfe temperatur* 3nd 
d£pos:rt (3 v&r thickness on noz2le surface 



DEPOSIT FORMATION MECHANISM IN NOZZLE 
HOLE " Taking these experimental results into account, 
the mechanism of the deposit formation in the nozzle 
hole was considered. Though il \& known that dehydra- 
tion reactions and heat resolution reactions generally 
occur jn the early stage of beat resolution of the fuel, it is 
difficult to specify the processes in these reactions. The 
material becoming the nuclei in these reactions seems to 
be different under various conditions. This material is 
called "Deposit Precursors" in the reference (9). 

A model of the deposit formation processes in the nozzle 
. hole is shown in Fig. 11, After a fuel injection, a small 
amount of fuel remains In the nozzle hole. Deposit pre- 
cursors are homogeneously dispersed in the residual fuel 
in the nozzle hole (Fig. 11a). As time passes, the fuel will 
evaporate in the nozzle hole, and cohesion of the deposit 
precursors will progress in the fuel. When the nozzle 
temperature is lower than the 90 voL % distillation tem- 
perature of the fuel, some fuel evaporates, and some of 
the tuel remains (n a liquid state. Thus, the deposit pre- 
cursors are maintained in a state of dispersion in the fuel 
(Fig. 1 1 b). In such a state, the deposit precursors are 
easily washed away from the nozzle hole by fuel injec- 
tions. On the other hand, when_the nozzle temperature 
Is higher than the 90 vol. % distillation temperature of the 
fuel, most of the fuel evaporates. The deposit precursors 
cohere to each other, and they adhere strongly on the 
nozzle hole wall (Fig. 1 ic). These deposit precursors in 
this Slate are not easily washed away by the fuel injec- 
tions, and the deposit precursors remain in the nozzle 
hole. At a result, the deposit formation thus progresses 
in the nozzle hole. 

From the point of view of restraining the deposits, it is 
most important that the fuel that remains in the nozzle 
hole is always kept in a liquid state. As a result, thede- 
posit precursors are easily washed away by fuel injec- 
tions. To satisfy this requirement, it is necessary that the 
nozzle temperature is lower than the 90 vol. % distillation 



temperature of the fuel (10), which was the most impo- 
tant index to suppress the deposit formation. 

Though mis model can qualitatively explicate the deposit 
formation processes in the nozzle hole. It requires futher 
study, because it lacks a factor for the reaction rate of the 
deposit formation. Figures 1 and 2 showed that the 
deposits were formed most at 3500 rpm and the 30 mm^/ 
St neighborhood, which was the highest temperature con- 
dition. When the engine speed is lower, there Is a longer 
interval between the fuel injections. However, the deposit 
formation depends only on the nozzle temperature. If the 
injector had been under the 90 vol. % distillation temper- 
ature of the fuel for a long time, the deposit formation 
might progress. To resolve plainly the reason why the 
deposit formation depends only on the nozzle tempera- 
ture, the reaction rate of the deposit formation must be 
known - 

Fuel^ Dispersion ofDspQSitPn£cursccs 
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Notzzte Hold \SUn\\ 
(a) hTnediarte Situ^ior^ ater Iriection 

Dtsperaon of Deposit Preoursors 

<P) No2zl^ Tamp. < Fuel $0 % Qsiilfcition Temp. 
Cohesion of Deposit Pr»QUrsors 



(o) Nozzlfe Temp. > Fuel % □stillation Tfemp. 
Fig.1 1 fwiod^l of deposit fom^ation in no22le ftole 



COUNTERMEASURES FOR SUPPRESSING 
DEPOSITS - Some countermeasures to keep the nozzle 
temperature below the 90 voL % distillation temperatur 
of the fuel are discussed here. There is little fre dom in 
the installation position of the fuel injector for a direct 
injec-tion gasoline engine with four valves. On© effective 
means was to place cooling passages in the engine head 
In the noz2le neighborhood. An another effective means 
for decreasing the nozzle temperature was to place a 
member having a high heat conductivity rate into the 
space between the nozzle and the engine head. More- 
over, installing a heat insulator on the part of the nozzle 
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i surface exposed to combustion gas was also effective. 
Figure 12 shows calculation results, which show the noz- 
zle temperature reduciion obtained by using a heat insu- 
lator. This calculation executed a stationary thermal 
conductive model on the second dimension with an axial 
symmetry. For the nozzle and engine head which were 
exposed to the combustion gas, the heat transfer was set 
at the boundary conditions (the circumference tempera- 
ture is 500*C, the heat transfer coefficient is 3.82 x 10 
W/mm^/K). The other side of the engine head was also 
set on a heat transfer condition (the circumference tem- 
perature is the heat ir&nsler coefficient »s 6.6 x 1 0"^ 
W/mm^/K), in this example the nozzle temperature with- 
out a heat insulator was n80*'C. When a lower heat con- 
ductivity Insulator or a thicker heat insulator was placed 
on the nozzle surface, a greater decrease in the nozzle 
temperature could be recognized. 
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fig. 12 EffQCw of htm insulator on noin* surface 



CONCLUSION 



This study was concerned with the phenomenon of the 
fuel flow rate change in the injector due to the deposit 
accumulation in the direct injection gasoline engine. The 
investigation results revealed the deposit formation 
mechanism and the methods to suppress the deposit for- 
mation in the nozzle hole. 

The following findings are summarized: 

1. The fuel flow rate in the Injector was found to be 
noticeably decreased by deposit accumulation under 
the condition where the nozzle temperature was over 
150*C. 

2. As the combustion products became thicker on the 
nozzle surface, the layer of the combustion products 
extended over the exit of the nozzle hole in excess. 
As a result, a small amount of fuel easily remains on 
the exit after a fuel injection, and the fuel receives 
thermal influence and changes to the deposits. 



.3. When the nozzle temperature is lower than the 9o 
vol, % distillation temperature, deposit precursors in 
the fuel are easily washed away by fuel injections, 
because the residual fuel Is kept in a liquid state and 
the deposit precursors disperse. On The other hand, 
when the nozzle temperature is higher than the 9o* 
voL % distillation temperature, rt is hard for the 
deposit precursors to be washed away from the noz- 
zle hole by fuel injections, because the deposit pre- 
cursors cohere each other and adhere to the wall. 

4, !t is necessary to restrain the deposit formation in the 
nozzle hole by keeping the residual fuel in a liquid 
state. As a consequence, the nozzle temperature hag 
to be kept below the 90 vol. % distillation temperature 
of the fuel, which is the most important index to sup- 
press the deposit. 

ACKNOWLEDGEMENTS 

We would like to acknowledge the useful discussions and 
suggestions about chemical reactions made by T. Uehara 
of Toyota Motor Corporation andY. Esaki of Toyota Cen- 
tral R&D Labs., inc. 

REFERENCE 

1. David L Harrington, Russell F. St«bar, Frank Carao- 
cioliDeposTt-induced Fuel Row Reductton in Multipart Fuel 
Injectors: An Experimental and Analytical Investigatton, 
SAE Paper 8921 23 (1989). 

2. Gautam T. Kalghatgi: Deposits in Gasoline Engines - A Lit- 
erature Review, SAE Paper 902105 (1990). 

3. Sheldon Herbstnnan, Kashmir Virk: Use of Dispersants/ 
Detergents in Diesel (njector Keep Clean and Clean Up 
Studies, SAE Paper 912330 (1991>. 

4. D.E.Winterbone, E.Clough. K.K.Rao. FHchards, D.Wil- 
iams: The Effect of Dt Nozzle Fouling on Fuel Spray Char- 
acteristics, SAE Papar 922232 (1992). 

5. G.K.Fraidl. W.F.Piock and M.Wirth: Gasoline Direct Injec- 
tion: Actual Trends and Future Strategies tor Injection and 
Combustion Systems. SAE Paper 960465 (1996). 

6. KurTie,T, Iwamoto.Y, Jida.K., Murakami.M,, Akishino^K., 
Ando.H.' Combustion ControlTechnologies for Direct injeo 
tion SI Engine. SAE Paper 060600 (1 99e)- 

?. Tomoda.T., Sasakf,S., Sawada,D., Saito,A., Sami^H.: Devel* 
opment of Direct Injection Gasoline Engine - Study of Strat- 
ified Mixture Formation, SAE Paper 970539 (1997), 

8. Harada^, TonnltstT-, Mizuno, H„ Mashiki,2„ lt>,Y.: Devel- 
opment of Direct Injection Gasoline Engine^ SAE Paper 
970540 (1997). 

9. Changsoo Kim, Spyros !. Tseregounis. Bruce E. Scruggs: 
Deposit Formation on a Metal Surface in Oxidized Gaso- 
lines. SAE Paper 6721 12 (1987), 

10. Salto^A., Kinosnita.M., Matsushita, S-. Ni\Aa,Y„ Shibata.S.: 
Method tor Suppressing Formation of Deposits on Fuel 
Injector and Device tor Injecting Fuel, United States Patent 
Number 5860394 (1999), 



21S4 



Received from < m m 3649 > at 8/12/03 1:46:13 PM [Eastern Daj^ight Time] 



AiiB-12-2003 02:05piii Froni-EXXONUOBIL LAW DEPT 
JUL-22-2003 11:05 triKt fUSL. r-pajuu.„i. 



908-730-3649 



T-147 P. 033/052 F-241 



SAE TECHNICAL 
PAPER SERIES 



971722 



Study on Combustion Chamber Deposit 

Formation iUiechanism 



Influence of Fuel Components and 

Gasoline Detergents- 



T. Uehara, Y. Takei, H. Hoshi, K. Shiratanl, and M. Okada 

Toyota Motor Corp. 

Y.EsaW 

Toyota Central Research ard Development Labs. 



International Spring Fuels 

1 Land Sua Air mtdSpad. Dearborn, Michigan 

INTERNATIONAL May S-a, 1997 

400 C mm nweaith Drive, Warrendale. PA 15096-0001 U.S.A. Tel; (412)776<4a41 Pax!(41 2)776-5760 



Received from < 908 730 3649 > at 8/12/03 1:46:13 PM [Eastern Daylight Timel 



Aug-12-2003 02:06pfn Froni-EXXONMOBIL LAW DEPT 908-730-3649 T-147 P. 034/052 F-241 

JUL-22-20a3 li:05 ^MRE RJEU h^<UUtA. , o 971722 

Study on Combustion Chamber Deposit 

Formation Mechanism 

-Influence of Fuel Components and 

Gasoline Detergents- 

T. Uehara, Y. Takef. H. Hoshi, IC Shiratani. and M. Okada 

Toyota Motor Corp, 

Y.Esakf 

Toycfbi Central Reeoarct) and DoveJopmBitt Ub». 



Abstract 

Tho combustion chamber depo^ CCCD) forming 
lendenpy of gasoRne comporusnts and detergents were 
fnv stigAted with labofdtory tests and engine 
dynamometer tB6t^ in the dynamometor tests, the 
driving condriione under which fuels and detergents 
irtfluonoe CCD formatfon were specified, and the 
effects of different gaBoline components and 
dete^ent blends on CCD formation were examined. 
In the laboratory tests« the CCD forming process was 
invastigaied thoroughly [iO} . 

The CCD forming tendency of aromatic compounds 
in gasoline were dependent not only on physical 
properties such as molecular weight, but also 
chemical struciure (number or pos^ton of the alkyi 
substituents of aromatic moteoules) . As for 
oxygenateB, engine dynamometer tests with MT5E 
blended gasoline yielded less CCD them the test 
without MTBE. The CCD forming tendency of 
detergents corroiated with the thermal decomposition 
tendency of the detergent package and the 
concentration of the main agents. 

The influence of engine oil is also discussed by 
quota^n of the latest studies. 

1 .Introduction 

Tcday* more and more countries are proposing 
regutatfOns that require the use of gasoline detergents 
to Keep Intake systems dean, to improve drweabiiity 
and to reduce exhaust emrs^ons [63 - In some 
places vmich already have adopted such regulatkins, 
level of the detergent dosag in gasoline has been 
retativeiy hfgh in order to maximize the cleaning effect 
cf the Intake eyctpm- However increased dstergem 



dosage has also bem found to increase the formation 
of combustion chamber deposits (CCD) [5,14] . 
The formation of COD is also known to increase with 
increased aromatics or heavy fraction components in 
gasoline, CCD in gasoline er>glne9 can cause many 
combustion related probleme, such ae CCD 
Interference with the piston motbn at top dead center 
(sometimes referred to as "carbon rap*) , ^crease of 
tailpipe emlaeion levels £1,2] , and increase of 
octarie number requiremem [3,4] . The reduction 
of deposits is thus important to )mprovir>g driveabllity 
and exhaust emission^. Understanding the complex 
chemical and physical phenomerta wlilch forms CCD 
Is a key factor In learning how to control CCD In 
production engineSi This study examines the 
mechanism of CCD formatkm in relation to dffferem 
gasoline components and gasolln« d6t6rgents> 
proposes possible explanations for CCD fbmiatton, and 
suggests the favorable trends of fue\ and detergents 
for reducing CCD. 

2.Experlmentaf Method «md Resulta 

2.1. Preliminary test : Dmerraination of 
engine dynamqmeter teet condlttone 

First, the driving conditions under which fuels and 
detergents most greatly influence CCD formatjon were 
determined in a engine speed-torque matrix test as 
shown in Fig.l. using a L4, 1.BL» MPl angine 
C Engine A) . The top surface or all tested pfetons 
were partially flattened by machining for precise 
measurement of CCD thickness. Engine speed was 
varied from lOOOrpm to 4000rpm, and load was 
controlled from o to 100% WOT. AsthetostacMithre, 
one of the POA addltivea whk:h is relativefy popular in 

1 us market was selected- And Jepariefie Typical 
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* Engine : L4. tJBL. MP1 
■ coolant Tetnp^ £ ftft'C 

— FS" 



Duration : lOh 
Oil Temp. : 10*t:_ 




engift* Spaed. ^lOOOn 



-1800- 

7 



-n»2S00nt — 3000 jt-M»On 

83 $7 S7 aa ISO WOT 



^4? 



Rg.1 Effect of drMng condition on CCD ihlekn^ 

ragolar gasoline which contains 25-9 vo<% of aromatica 
woQ selected as the base fuel . The main structure cjf 
ceo formed from gasoline is set within a short time 
and Is considerably stable [7,8] . therefore the 
duration time of all teste w^e decided to be 1 0 hours. 
CCD thickness was measured by the eddy-current 
principle at twenty five points on the piston top and 
fourteen pornis on the surface of the cylinder head. 
And CCD weight woe measured from the difference of 
piston weight before and atter the test. The reliability 
of this test procedure was ascertafned in our former 
study using another type of engine [S] , and the 
repeatability of both CCP weight and thickness were 
wiihin 5%. 

The IR peaic height ratio of CCDs on piston tops are 
shown in Rg,S comparing the central and the squish 
area. M the cond%on of 1 eoorpm x S7Nm. difference 
between piston top center and the squish area was the 
largest, which means that the contiibution of gasoline 
concentrated in the piston top center at this conditioa 
Thus the driving condition under which gasoline 
inftueru:e CCD formaHon the most was detemtined to 



be leoorpm >c STNm. ^ 

3r " 



w/oPOA 





Ne,rpm 1000 1600 9000 4000 N«,rpm1000 T600 SQOO 4OOD 

Rgjz IR Peak height ratio of CCD on piston top 

According to the test result showed in Fig.l, the 
cfifference of CCD tNckness between the tests with and 
without detergent was the most largest at IGOOrpm x 
20Nm,1hen the driving condign under wh$£^ detergents 
Influer^e CCD formatton the most was determined to 
be this concfition. 

Piston top tempormures were ateo estimated t^ a 



hardness lest at twenty five points on the piston top to 
identify the temperature level at each driving conditton 
(Fig.3) . The results shows that deposits were 
exposed to temperatures of at least 1 BOT [12] - 



G 

a 

£ no 



• with POA 

;:::"trT~^ 



r-TOOo-n 

20 S7 



gOOO "" I p4000-| 
as 130 WOT 



ao B7 aa &7 
Flg.3 Estimated piston top temperature 
at eaeh driving condition 

2.2. Influence of fuel composition _ 

With regard to fuel compoa^, we reported earlier \ 
that aromatic compounds in fuels have a strong | 
tendency to promote formation of CCD [5] . _/ 
However, we did not clarify the apectfic kinds of 
compouruJs that promote CCD formation [0] - TTius 
for this report^ we made a more detailed investigation 
which includes both laboratory and engine 
dynamometer tests to help urKlerstand the process of 
CCD formation. 

S,2.i. Engine dynamometer teat 
e,2.i.1Jnf)uence of aromatic oompounda 

In the engine dynamometer teet, we prepared 
specially blended fuels which consist of alkylates and 
pure aromatic compounds^ such as toluenei p-xylena, 
and n-propylbenzene (TaWel } . The test condition 
Is showed in Tabie2« ^ 

One result Is that all tasted aromatic compounds 1 
increased CCD amount Another is that CCD amount U 
did not increase directly with the change of physical 
properties such as molecular weights of bterxled pure 
compourxls (Rg-4) , 

Tal»le1 Te^t fuel composition 



Fuel 




Ardmatlc Compounds 






Alkylate 




100:0 




Alkylate 


Tolueno 


7O:30 




AJkylace 




70;30 




Alkvi&te 


T>-Propvlben2ene 


7Q:S0 



ToMeS iSngine dynamometer test condition 



Enaine 


LA.1.aL.MPI CEncpnaAl 


ErtQir>e Soeed .rem 


1600 


Load .l*^m 


57 


Coolant Tamp- ."TC 


SB 


pilTemp. -^'C 


No Control 


OuraHon ,h 


a 


piston TOD 


oartiaUv flattened 
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AveraB CCDThid<neM (Piston To^, m m) 
75 



1Q 
5 



Alkylate 


70% Alkyl- 


III 


70X Alky). 
30% 

n-^ProPvlBai 











0 

b-p- 

Pigj4 Effect of drofnatfe compounds in fuel on 
CCD Thickness 

2.2.1^. Influonra of MTBE 

As for oxygenates, effect of MTBE was also 
Investigated by engine dynamometer test using 
another type of L4, 1.8L, MPI engine (Engine 6) , 
The drfvfhg condition is shown in Table3. As the base 
fuel, a test fuel with B8RON and A5J9% aromatlcs was 
selected rrable4) . l5vo1% of A/TTBE was blended to 
one fuel, the other fuel had no oxygenates. The CCD 
amount from the fuel with MTBE was about as half as 
that of the fuel without MTBE 

Teble 3 Engine test condition for evaluation or 
the effect of MTTfiE 







Engine Spead ,rpm 


leoo 


Load ,Nm 


39.2 


Coalani TemO- ."C 


68 


OS Temp. ,1C 


No Control 


[Juration ,h 


50(1 Oh X 5^ 



Table 4 Test fUei properties 



Density .o/em3 


0.7522 


Octane ^iunrtb«^ 


MN 


&e.o 


MON 


87,5 


Aromatics .vo)9& 


45.d 


Olefin? iVol% 


18,0 


Oxyflenates .vot% 


0.0 


OlSt 


no 


45.6 


TSO 


93,5 


T90 


1S4,S 



1-0 




O-O 

Ba^e MTBE15?£ 
Pig.5 Effiier or lyrrae An con Thickness 



S.2.2,UabQfatory test 

Using the results of the engine dynamometer tests, 
we made an investigation to find a method for 
measuring the CCD formation tendency of fuels 
without deiergents or engine oiL First, we tried a 
"hot plate test" In the open air, at standard pressure 
and temperature. However, we did not find any clear 
relationship between fuel properties and de^wsit amount 
or deposft composition. 

Under usual engine driving conditions, CCDs are 
exposed to temperatures of at least 1 80*0 (Fig.3) * 
On the other hand, the final boiling point of most 
gasoline samples is about 200"C. which means that 
deposit formafion from gasoline would not proceed at 
standard pressurSr Therefore, we used an 
autoclave to simulate the CCD fbrmalton tendency of 
gasoline at compressed atmosphere . 

First, the CCD forming tendency of regular gasoDne 
on the market was tested in the autoclave. The 
compo^on of the test fuel is showed In Table S. 



R*Ilerf V»>^«i| 



Titermo caupio 



.Tesf^antftfePL 



Sample voiutqe s ^u-U _^ 



Temperature controi 



kmlumeiCul L 

Hvatr:r 
8lpcfc 




FIg.e Laboratory test apparatus^ using autodave 
Table S Test tuel composition 



Test Fuel Campositlon, QQArea % 


Paraffins 


4S.S56 


Nephcerts 


5.B12 


Olefins 


12.416 


ArofnatiPS 


34.201 


Oxyj^onates 


0,000 


Unknowns 


0.316 


Total 


lOC.OOO 



The samples an? delivered in gia&s-cells which are set 
on the bottom of column. After the system Is 
compressed to initial test pressure and sealed, the 
temperature is naised to the test level and then aflowed 
to stand for 30 m^Hites after the temperature reached. 
Next the wfiole column Is cooled with water at room 
temperature. After cooUng, some "autodave-deposir 
remains In the glass cells. The range of test 
temperature was from 150 to 30D*c» aru] the Initial 
pres3ure was varied from 2 to 6.5MPa, The most 
nobceable points were as follows, Th weight of 
deposit thai formed from 1501C to 220% decreased as 
temperature rose ; there was a peak of deposit we^ht 
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from saoXi to 300*0 247'C) ; and deposit weight 
went to almost zero at about 300*C. HQwever, when 
we tiiod to form deposit in nitrogen gas (N2) and at 
247*c, deposit weight was zero^ which means that the 
deposit formation reaction requires the process of 
oxkJatton. (Fig,7) - 



t- mSlnfy dSpEi 
vv^bration 



Initial Preseure : 2MPa 




200 300 400 

Test temperptira (t:) 
Flg.T Deport formation trom regular gasoline 
In dutoolave 

The composition of 'autoclave'-deposit* was 
examinad fay infrared spectnm In oomparfeon wrth CCD 
formed from the engine dynamometer test 
(L4j.8L,MPl (Engine A) .1 eoorpm x S7Nm. 
300h) .The results are shown in FIg.8. Autoclave- 
depo^ fomfied around 247*c was the meet similar to 
Ct^ formed in the engine test. ^ 



CCD Termed In engine tggt 








204*^: 

234^ 
Z47^ 



Wavenumbers (crti-1) 
















"'UK 


















0 


















0 





































100 160 sog 2S0 «oo $sn too ifio zoo z&o Ado 350 
Toot Temperature, t: 
Fig^ IR Spectra Of autodave deposit 

At 247X: and 2 MPa initial pressure, which is the 
condition at which autoclave* deposit from regular 
QasDline formed the greatest amount (Ho.7) .the 



deposit formation tendency of pure compounds 
contained in typical gafiolrne samples ware tested. 
The r&eurts are shown in figjQ, The figure shows that 
aromatic compounds formed much more deposit than 
saturated or unsaturated oompound&. There were also 
differences in autooiave-deposit amount between 
isomers; for example, ^xylene, m-^^lene.o-xylene* and 
eth^t)enzene. Similar tendencies were also observed 
between i,3»5-, 1,2,4-, 1 ,2,3-tHmethylbenzenes, 
Changes in the order of deposrt amount from each of 
• the compounds were checked at various temperatures 
for some of those compounds, but the order did not 
change with test temperature. 



Oepo^ yield Cwt%) 
40 



Tost tBmp.^247T: 



30 



20 



10 



O Aroina.tio oompounds 
□ Saturatod «omp0Undfi 




1.2.4-Trtmcttiylbai 



O so lOO ISO 200 

Molecular Weight 

Fig.9 Amount of deposit from pure 
hydrocarbons In autoclave 

£.3Jnfluenca of detergents 

Detergents are cor>sidered to be today's one of the 
main CCD promoted fetors. We tested severefldnds 
of detergents and proved that gasoline containing 
dBtergents form much more CCD than gasoline withotit 
detergents [5] . In thfe study we tried to find aome 
kinds of relationships beMveen CCD in the engine tests 
and laboratory tests* 

2.a.1. Engine dynamometer teat 

Rrst, the engine dynamometer test was performed. 
The test coridrtion is shown in TableB. As the base 
fuel, a test fuel with properties conresponding to typioai 
Japanese regular gasoline was selected. The 
properties of the fuel are shown in Tobla7. Four kinds 
of detergents that are widely used ¥n the world market 
were tested (Tables) . Additive B is the same as the 
additive vtmich was used In the test showed in Rg.l. 
Dosages were 1 0OOppm for all detergonts. For each 
of the tests with the four kinds of detergents, the 
resulting CCD amounts were much more than that of 
t>ase gasoline only. However, there was no dear 
relationship between CCD arrusum and chemical type 
ofaddrtives (Fig.t0) . 
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Jfti^^ffl^^ Temp. 





■Nm 



Piston top 



partia>>Y flaUened_ 





0.7277 


Octgnd MumDer 


FION 




MON 


80.3 


Aromatiss .vot% 






18-5 


Oxvaonatos ,vol% 


0.0 


Sulfur .pprn 


20 


DiSt 


T10 


43.0 


T50 


ae.o 




149.5 



Tab»B8 Tact additive dagoriptions 



Code 


MarkSt 


..TVP9- 


Dasaae 




US 


PSA 




B.,,. 


. yp - 


POA 


1r»iL/Tl™- 


.. C . 


■fanan 


PQA 




o 









?flfPj«ton tQP. 4 cytinder Averag e 
-P O A- 




• engine : L4, 1.8U MPI 

• Drlvins Condition : 1 OOOrpwiXeONm 

• Duration : lOh 

Fi9.10 effect of gasoline detergents 
on CCD thickness 

The chemical structure of CCD formed in the 
engine dynamometer lest were checked by C13-MMR 
(Rg.l 1 ) , Spectra of CCD fonmed from detergents 
added to gasolir>e showed the main structure of the 
detereent9 themselves. So we concluded that 
detergents form much greater amount of CCD because 
they ramein in the combustion chamber In unreacted 
fprm, without being changed in their chemlc^f structure 
in such oondl^on of the test as this time. 
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a ti 



.1.. 



I TT I f " — I ' ■' I "I I r"— I 1 

100 90 60 7Q 80 $0 40 30 3© 10 O 
OwnJcal Shift (pom) 



structure of PEA 

c 



Smjcturv CFf PBA 

Fig.l1 C13-NMH spectra of CCD 

2.3.2.taboratpTy tost 

Autoclave test results are shown In Fig. 12, 
Autoclave-deposit fomwng phenomena of three Kinds 
of additives were tested. At temperatures from 200^ 
to aoO'C, autoclave-deposit amounts were almost 
constant, and then started decreasing from ca-300'C 
and worn to zero al 400"C. Changes In chemical 
structure of autoclave-deposit are shown in Fig»13- 
Based on the above results, the contribution of 
chemical reaction to CCD formation from detergents 
should be lower than that trom gasoline, and the 
influences of vaporization or decomposrtior* play 
important roles in CCD formation from detergents. 



Deposit Yield {X) 
100 



Unreacted corn! 



Subjected to 
ipustTon 



80 
60 
40 
20 
O 









1 


@2MPa 


of irutial 


pree. 








^Add.A 
















Add.D 





150 



200 250 3O0 350 
Temperature ^X;) 



400 



Rg.12 Weight of de|»odat from additives formed 
in autoclave 



Add. A 
PEA 



Add.B 
PBA 



292 

332 3 




286 
^ 328 



389 rf 



3eoo 



2000 1000 ,tm 



Pig.13 Chenge of additive's chemical structure 
for various temperatures 
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Thus^ we tried TGA CTnermogravlmoinc Analysis) 
teste ai standard pressure in contact with the 
atmo^herlc air. Results of the TGA analysis are 
shown }0 Fig.l4. We obtained the best correlation 
coefficient of TGA residue and amount of the CCD 
deficr«»dinRg.10al 200-0 (Fig-16) [15] . Nearthe 
temperature of aoCC is where main agents in the 
additive package, such as surface-active agents or 
carrier oils, etat>ly exist after certain kinds of solvents 
hove vaporized (Fig. 16} . 
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Rg.14 TGA Chdrt off additives 
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0 106 300 900 400 
TGA T&mperature C^C) 

Pig.15 neiationehlp between CCD amount and 
the residue in TGA 

Goeffieiont area 




100 . 200 300 400 
TemO. (t:) 

Fig,l6 TGA Chart of additivea (2) 
3, Dincussion 

3.t* COD formatron mechanism 
3.1 .1. CCD formation from gaeoline 

3.1,1.1. Estimation of CCD formation 
meehaniem 

According to a aludy by E8ak»,ot.al,ft the main 



500 
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chemicai units that produce CCD in the engine 
dynamometer test are benzene rings with a few poiar 
groups [2,9] . This was ascertained by PGC-MS 

OH 



cc 



CO 



OOH 
COOH 



Fig.17 Chemical untts of CCD 
— Identified l>y PGC/MS — 
(LA 1.&i-i UPl, IGDOrpm X STNm, 300h) 

The fact that there wera no polyaromatic hydrocarbons^ 
means that the source of benzene rings of CCD from 
gasoRne are aromatic compounds in gasoline, and the 
reactiona in which benzene rings tfiemseives am formed 
from Tight olefins such as acethylene are not numerous. 
Based on the above resutts, we consider that CCt^ from 
gasoline are mainly constructed by boruling benzene 
rings through the mediailon of polar groups. 

After gasoUne molecules are injected into the 
combustion chamber during the intake stroke, the lighter 
molecules are likely to ev^orate^ and the heavier 
compor>ent& such as aromatic oompour>de are like^ to 
coAect on the surface wall of the combustion chamber 
or iMston top in liquid pfiase, being adsorped in c^t fOms. 
In the compression stroke, t^pomture and pressure 
of the atmosphere rise and the hydn>carbons in oB fHms 
are oxidized somehow. And in the oambustion stroke, 
part of tfie adsorped hydrocarbons which are outside 
the fiame, as they are already oxidized and polymer- 
ized somehow, remain in the combustion chamber to I 
be CCD. —J 

In short, CCD fbrmation from gasoltne, espedaRy from 
aromatic compounds, requires two indispensable 
processes. One is oxidation, and the other is 
polymenzatksn by bortding through polar groups. When 
the atmospheric temperature is above 200^, deposit 
formation from gasoline must proceed under 
compressed atmosphere. It gasofine molecules are 
held in flame, aH molecules are burned out because 
they are all organic compounds. So deposit formation 
from gasoline Is considered to take place outside the 
flame, such as in the quench zone. 
(1) Effect of tr)e number of sufc}stltuents 

Alkyl substituents of aromatic compounds tend to be 
converted easily to carboxyl groups at high 
^tomperature and Ngh preBsu/o, Depoeit from aromaHc 
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compounds in gasoline i& formed througn me reaction 
between po»af groups of aromoiic ntolecules. Therefore 
the fewer numbers of aubstituents an aromatic 
compounds has, the lower amount of CCD Is formed. ^ 
(2) Direction of substtuente ^ 
The infrared spectrum of autoclave-deposrls from 
m% and p-xylene were checKad with and without 
regular gasoline (Rg-iB) . 

Tost temo.^247t: 
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Anhydryde» 





Wavbnumbers Ccm-lJ 
Rg.i0 IH spectra of deposit formed from xylenes 

Only for autodave deposit from o-xylene did the 
absorption origiteted by anhydrides. Thirildng over this 
point the reason why 0''x^\BnB fontied a lesser amount 
of autoclave deposit ihan m- or p-xyteneo thought to 
be 39 follows. Deposit formation reaction rec|Uirea tifie 
proceee of oxidation of substituents of aromatic 
compounds, and oxidi2ed subetituents, such as 
carboxylic groups, function as the chain between 
benzene rings. However, oxidized molecules from 
o-xytene easily convert to anhydride, which means that 
moleoulee lose the chain of deposit formation, £0 m- or 
p-xyiene fomi a greater amount of deposit than o-xy- 
tene (Fig,! 9) , 



c>-Xy1en« 



d-Phthalio AC Id 




:»0 
P 



Rg.19 Estimated mechanism of depose formation 
from pure aromatfc compMnds 



a.1.1.2. Confirmation of predi ted mechanism 
by ongin test 
The above-mentioned theory was affirmed by engine 
dynamom<vter tests. The test engine Is the same as 



used for the determination of the driving pattern, (of 
which pistons w re partially machined) . Engine 
speed and load were leOOrptn X 57Nm, and the 
duration time was 10 hours. The results are shown in 
Rg- 20. 

Tab1e9 Test condlUon of the engine test for 



engine ,, .... 


Ld1.BL.EFI fEnnlosAi 




1600 


J=aKL,. ms. 


S7 


C«4<i|ant Jfpnp. .15 


6fl 


9f|JamD. X. 


10* 


Duration .h 


10 


Piston 





Table! 0 Compo$ltion of the test fuel 
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Comparison of the tost results between engine and 
laboratory tests is shown In Fig,21 - High correlation 
was obtained between the result of engine tests and 
laboratory tests. 
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3.1.1.3. Influon e f MTBB 

As for oxygenates^ the CCD amoi^ffrom the fuel with 
MTBE was about a$ haff as that of the fuel without 
MTBE. Because the engine ha? been designed to be 
used with 90RON gasoline, ignition timing was to be 
the GSfne for the two fuels- Considering the predicted 
mechanism, addition of oxygen Is thought to promote 
the formation of CCD, however the result was opposlie. 

The reason te thought to be as follows. Mors alKyi 
radicals are thought to be yielded In the combustion 
Chamber when the C-0 bonds erf MTDE are cut ofi, and 
they may bum off more CCD than the case of without 
MTBE. However it is merely a guess- 

3.1.2. CCD formation from detergents 

Relation^ip between CCD tNckness and piston top 
temperature is shown In Ffg.22. TTiese data is of the 
test described In Rg.l ,2 and 3. According to Flg.22p 
amount of the CCD fbrmed irom the fuel with detergent 
apparently depends on the piston top temperature In 
compartson with the case witfioul detergern. After all» 
CCD formation from detergents is strongly Influenoed 
by the atmospheric temperature^ 
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Fig«22 Tha temperature dependervce 
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Detergents are supposed to form CCD by remaining 
in comlxistlon chamt»er with their maBi agents hardly 
reacted. The main structure of the main agents were 
fbund by chemical analysis of CCD formed rn engine 
dyr^amoineter test driven at the condition under which 
detergents influence on CCD amount most effective. 
Also, the chemical structures of detergents changed 
quickly and dramatically with temperature rose in a 
narrow range in the autoclave test, with deposit weight 
decreasing. 

So the concentration and the thermal decomposition 
tendency of ttie main agents without solverns have the 
greatest Influence on detergents^ COD fonming tendency. 



3.1, 3- CCD formation from engine oils 

According to the stutjy by Esakiwetal, engine oil forms 
COD by losing base oil by evaporation or 
decomposition, while panially oxidi2:ed. And when 
exposed to high temperature, oil additives are 
condensed and reacted to be Inorganic compounds. 
However under moderate engine driving condition, 
contribution of engine oil, espedaJly of oil add&ttves is 
not so great (Rg. 23) . 

As for etfeds of oil bl^nd or type of on additive, Cheng 
Ghhwsy Shave studied this tqpic thoroughly [16] . 



C-M 



S 

o 

I 



Sh 




\rJ\7i 



4000 sopa 20DO 



VB^ KFl 

teoor^X57Mm 
CoalAnt Temp. : Tot 



L4, En 
esoorpmX'WOT 



n-i 



Wavonuifibors. 

Fig.23 IR spectra of CCD formed on Intake side 
fringe of piston top 

3.2. Consideration by the observation of CCD 

formed in engine tests [6|11] 
3,2.1. Effects of driving condition and tha POA 
detergent 

3,2.1.1. Piston top center . (Appendix 

As for the CCDs formed rn the test without addifives, 
change of the color with the change of driving condifon 
Is dependent on tl^e torque rather ttian tt)e eng^e speed. 
With increase of torque, for all engine speeds, the color 
of the CCDs tend to turn bladOlke, and some cracks 
appear on the CCD surface. In the case of high 
engine speed and Ngh torque, as sooorpm x l30Nm 
or 4000rpm x WOT, colors tum bright and marks of 
machining appear on the piston top surface. These 
marks are also found in the case of the testa driven at 
low engine speed and Ipw torque. 

In case of the tests with POA addtth/e (Additive B) , 
black grains are found on the piston top In all tests. 
Piston surface is found fn the tests driven at low speed 
and k>w torque because the size of the grains are rather 
small. Checking the effect of the torque using the photo 
of three tests driven at 1600rpm, at 20Mm, grains on 
the piston top took liquid like rather than soTid. However 
the grains look almost coagulated and some cracks are 
fourxj at 57Nm. At 8BNm, cracks are propagated more 
fsnety. 

In the drlvir)g condition of 1600rpm x 19-S^57Nm, 

sac which the difference ctf CCD amount between with / 
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without PQA additive ore the greatest, detergents don t 
^pear to have reacted chetmcaOy. 

According to the appearance of the CCDs on the 
piston top center (on wrtiich the efect of er^ne oils are 
thought to be less than on the squish area) large 
amourrlof CCDIstDrmed at the conditions of low speed 
and low torque. However, at the range of very low 
speed and torque, effects of additives are not seen 
clearly. Thfs (s probably because of the iow supply of 
the detergent Hself at iow speed and torque. 
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3.2.1.2. Intake squish area (Appendix 1,4) 

The moet significant feature in the tests with 
detergents Is the existertoa of orange colored liquid like 
eut^stance found at i Goorpm and 1 SOOrpm x £ONm 
(Appendix 4) . 

At looorpm, the deposits are aJmost transparent, 
however, there appear some black spots at l60Qrpm. 
It is not thai the transparency depends on e^sr 
the amourit of CCD or the level of chemical c^iange. At 
any lase, the amount of CCD formed at 1 eoorpm is much 
more than at lOOOrpm (Appendi7c4) . 

3.2. 1.3. Exhauet squlatt area (Appendix 3»6) 
In the case of the test at 40oorpm x WCT with 

detergent, the piston top Is much more dear than the 
case of w^out detergent (Appendix 4) .According to 
this observation, detergents may become effectjva for 
removal of the CCD at very high speed and very Ngh 
torque. 

3^.2. Effe«t of the fuel components (App. 7) 
All teats were performed at leoorpm x S7Nm, 
TT^are was hardly any CCD fomned from 100% alkylate 
ftieL In this case, the effect of fuef is very small, and 
there is rw effect of detergents, so black spots on the 
intake squish zffsa are thought to be from engine oil. 

Generally, the Sickness of the CCD increases wfth 
the darkness of the color. Although the difference of 
0"Xyiene and p-xyiene was very apparent in the 
autoclave tests, the difference of the thickness of the 
CCDs formed in engine tests were not so large. 
IHowever the av^^e srze of the grains on the squish 
ar a In the case of p-xylene Is larger than that In the 
case of o-xylene. Although ttm molecular weights of 
three compounds are the same, the calors in the case 
of 0-, and p-xyiene are much darker than that of 
attiylbenzene. 

3.2.3. effect of detergent typo (Appendix 8) 

The most significant polrtt is that the size of the grains 
varies with addi^e type. TTie common feature is that 
the size of the grains on the Intake squish area are lar^ 
than that on the exhaust squish area ai laoorpm x 
^Nm. At the higher drfving conditions> all grains are 



black and seem to be cartXMiized more thoroughly than 
that formed at the lower load driving concftiDn (I600rpm 
X aONmo . 

3.3. Total mechantsm of CCD forfnation 

Rnalty, the CCD fonmatian mechanism from gasoline, 
detergents kndudir^g engine oil are estimated as shown 
in Rg.24, 



'nMtpumm ana * 
iHH^iv/dfi " 




Siroka Suction jComprBseiDn f ^rn ^^joti ; Exhaus 
Fi0.24 Estimated tetaJ me^tanism of CCD formation 

3.4.Susse8tions for redudr^ OCD 

3.4.1. Qasolfne 

Decreasing the amount of aromatics is thought to be 
the most effective method to reduce CCD caused by 
gasoline. However, aromatics play some Important 
roles in gasoline, such as mcreasing octane numt>er. 
If aromatfcs were removod and replaced by ^kylate to 
maintain octane number, then gasoline refining cost 
would rise dramatically. Using ioo% alkylate 
gasoline might cause some problems with startabiRty. 
The use of aromatics with fewer substituents or 
o-compounds is the desirable trend for gasoline 
composition In order to decrease CCD amount caused 
by gasoline. 

3.4«2. Detergents 

Thera are two desirable trends for detergervts. One 
fs that the dosage of main agents must be decreased 
as much as possible, and the other is that main agents 
must be easily decomposed with temperature. 
However, detergents which are ea^ decomposed are 
saki to have lees abflity to dean up the intake system, 
so compatlbiKty of the two features is important 
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' 4.C ndusion 

4.1 .CCD formation from gasoline 

(1) Ga$o)in« forms CCO under compressed 
atmosphere and outside the flame in the quench 
zone- 

(2) Some of subcttuents are oxidized, and they 
play a role for blncfing heavy groups such as 
benzene ring*. From this point of view, aromatlcs 
are IBcely to provide a core for iho CCO formation 
process because of ihe stabflKy of benzene rings. 

(3) Aromatic compounds with lower numbers of 
subsWuente, or wtth substituente that are located 
£ide by side, such a& o-compounds are favorable 
for reducing CCD caused by gasoline, 

4,2.CCD fonnatlon from datergenta 

(4) Detergents form CCD by remaning In the 
combu^ion chamber almost >^houi chemically 
reacting. 

Decreasing the amount of meun agents is efrective 
for reducing CCD. However there must be enough 
detergent ID maintain or clean intake eystom. 

(5) Proper^ such as abnity to be decompoeed or to 
be pyroiyzed are favorable for reducing CCD. 
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